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ABSTRACT
Secondary agriculture residues have the potential to be major contributors as
resources for energy and sustainably sourced materials production. Separating secondary
agricultural residues, which have already been transported to processing centers, into
individual biomass components could convert these wastes into bioproducts. Many types
of pretreatments to achieve this separation involve chemicals that are hazardous for the
environment. Several deep eutectic solvents (DES) that are biocompatible have been
investigated for their ability to deconstruct rice hulls and sugarcane bagasse. Mass yield,
enzymatic hydrolysis of the pretreated biomass, fiber analysis, and Fourier transform
infrared spectroscopy have confirmed that the DES formic acid:choline chloride, lactic
acid:choline chloride, and acetic acid:choline chloride are effective in removing lignin,
thus concentrating cellulose in the pretreated biomass. Addition of water precipitated
lignin from the spent DES, as confirmed by the above analyses. However, the DES lactic
acid:betaine and lactic acid:proline had little effect on rice hulls or sugarcane bagasse.
Formic acid:choline chloride was the most effective of the DES tested in preparing the
biomass for enzymatic saccharification.
Rice hulls, a widely-available secondary agricultural residue, was pretreated with
formic acid and choline chloride in a 2:1 mole ratio (FA:CC) using conductive heating
and microwave heating. Enzymatic hydrolysis data indicated that pretreated biomass
using either heating technique gave higher glucose yield compared to raw rice hulls.
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FTIR analysis showed similar findings for both heating techniques. For biomass
pretreatment using DES, microwave heating required less than half of the energy
compared to conductive heating. Conductive heating required a higher residence time for
the biomass in the pretreatment process. Thus, this work shows the potential benefits of a
microwave heating technique for deconstruction of biomass using DESs.
Using waste agriculture and power plant byproducts to replace materials that are
energy-intensive to produce can make these materials more "green." Improved
compressive strength can be obtained when rice husk ash (RHA) partially replaces
ordinary Portland cement, a substance potentially hazardous and energy-intensive to
make. When RHA is combined with other nano-particles to replace ordinary Portland
cement (OPC), strength can be further enhanced. The microstructure of cement binders
with replacement of OPC by combinations of coal fly ash, silica fume, RHA, nano-silica,
and metakaolin were investigated using X-ray diffraction, back scattered electron
imaging with energy dispersive spectrum analysis, X-ray photoelectron spectroscopy, and
nitrogen sorptiometry. A combination of sustainable, renewable RHA and the waste
product coal fly ash was found to synergistically improve cement binder strength.
Analyses suggested the enhanced strength was due to RHA increasing amorphous
reactive silica and coal fly ash contributing alumina to form Calcium-Silicate-Hydrate
(C-S-H) gel along with calcium-aluminum-silicate-hydrate (C-A-S-H). Thus, this work
shows the potential benefits of merging residual wastes from the agricultural sector with
wastes from coal in combustion-based power plants.
Food product preparation generates large quantities of wastes that are
concentrated in central processing facilities, meaning that the wastes do not require
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energy-intensive transporting from the fields. If these waste biomass are landfilled, they
pollute the environment both physically and in transportation to the landfill. A chemically
simple process, hydrothermal carbonization (HTC) requires only biomass and water to
generate a solid fuel and a sugar-laden liquid. HTC processing of coffee silverskins
increased the energy density of the solid product, with higher temperatures increasing
energy density more. The concentrations of glucose, galactose, and arabinose in the
liquid HTC product decreased with higher HTC temperatures. HTC processing
temperature could thus be chosen to optimize either the solid or the liquid product. If
monomeric sugars are desired, a lower HTC temperature should be employed.
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INTRODUCTION

1.1

Background and Research Need

Secondary agriculture residues can potentially contribute resources to sustainably
produce energy and materials. Rice husks are considered secondary agricultural residues
because they are removed from the rough grain at a processing center. Rice husks are
difficult to compost, because of their high C:N ratio and their outer opaline cellulosesilica membrane [1]. They are also not generally useful for animal feed. When the grain
is transported for processing and the hulls are removed, large quantities are available for
further conversion. In the United States, 3 million acres are used for rice production, with
450,000 acres in Louisiana alone [2]. Controlled combustion of rice husks can give a
20% yield of rice husk ash (RHA), as well as provide renewable energy from this waste
product [3].
Bagasse is the fibrous residue that remains after the juice is removed from sugar
cane at a processing center. It is also a secondary agricultural residue and so is obtainable
at a processing center, rather than in a remote location. Nearly 890,000 acres of
sugarcane is grown in the United States yearly, with over 400,000 acres grown in
Louisiana [2]. About 30% of the sugarcane feed is converted into bagasse.
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Another byproduct from food processing, or secondary agricultural residue, is
coffee chaff, also known as coffee silverskins. Approximately 8 million tons of coffee is
consumed around the world annually [4]. In 2016, the agricultural area devoted to green
coffee cultivation was nearly 11 million ha, which yielded over 9 million tons of green
coffee beans [5]. After removal of the outer skin, pulp, pectic layer, and parchment layer,
the green coffee beans with the attached silverskins are shipped to facilities worldwide
for roasting. In 2018 the European Union (EU-28) imported 3.42 million tons of green
coffee beans, producing over 2.8 million tons of roasted coffee [6]. Roasting detaches the
silverskins, which constitute 4.2% by weight of coffee beans [5]. Thus, coffee silverskins
are a widely available biomass that can be found in centralized facilities, so that they do
not require transportation and could be used on site. Typically, coffee silverskins are
discarded in landfills or compost piles, but high amounts of energy are needed to compact
the low density silverskins before they are discarded and harmful emissions from the
discarded silverskins add to greenhouse gas production [7].
Three main aspects of this dissertation are deconstruction of secondary agriculture
residues, use of rice husk ash in cementitious material, and hydrothermal carbonization of
coffee silverskins.
1.1.1

Biomass Pretreatment

Agricultural byproducts, such as bagasse and rice hulls, require pretreatment to
separate lignin from the carbohydrate portion (cellulose and hemicellulose) so these can
be made available for conversion to biofuels and sustainable chemicals. However, the
recalcitrance of the lignocellulosic matrix makes biomass deconstruction difficult. To
access the cellulose and hemicellulose for conversion to ethanol, butanol, or other
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bioproducts, a safe process for lignin separation is needed. Such processes generally have
required strong acids or alkalis or high temperatures and pressures, making them
expensive, energy intensive, and potentially environmentally harmful. The Kraft process
for paper is one example of a process requiring a strong alkaline solution, while the
SPORL process requires high pressures. Separating secondary agricultural residues,
which have already been transported to processing centers, into individual biomass
components has potential for converting these wastes into bioproducts [8].
If a safe, environmentally friendly, and economically feasible method can be
discovered to separate the lignin from the carbohydrate portion (cellulose and
hemicellulose) and increase the residual products’ density, it can be implemented at a local
depot where the biomass can be easily accessed. Once separated, cellulose rich product
could then be transported to biorefineries and lignin could be used as biofuel locally or sent
to another facility for upgrading. Separation using a green process close to available
biomass sites would reduce the volume of the material that must be transported, especially
if the product is denser then the original biomass. Such a process would be environmentally
benign because less carbon dioxide would be generated in the transportation of a reduced
biomass volume. Using rural areas for such pretreatment processing would stimulate
additional jobs creation, which is needed in rural economies that possess biomass
resources [9].
The aim of the pretreatment is to increase the accessibility of cellulose and
hemicellulose to hydrolytic enzymes that produce monomeric sugars [10]. Traditionally,
biomass pretreatment methods require severe conditions such as high pressure and
temperature, strong acids or bases, and environmentally benign and green processes are
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desirable. One group of solvents that are suitable to disrupt the lignocellulosic matrix in
biomass are ionic liquids (ILs) [11]. These solvents have negligible volatility, low vapor
pressure, and high thermal stability that allow them to qualify as green solvents [12]. The
ionic nature of these solvents allows them to dissolve a combination of organic and
inorganic compounds, allowing diverse types of separation. It has been shown that
deconstruction of biomass can be enhanced by using ILs [11]. These solvents have the
ability to dissolve lignin and cellulose separately or together [11]. However, many studies
have addressed the drawbacks of ILs, including poor biodegradability, hazardous toxicity,
expense in synthesis. In addition, they are unavailable today for biomass deconstruction in
commercial quantities.
Recently, deep eutectic solvents (DESs) have been proposed as suitable
alternative sustainable solvents for biomass pretreatment. DESs are produced from the
mixing of two or more naturally occurring, inexpensive, and biodegradable substances
that are generally safe and non-toxic; thus are preferable to other pretreatment methods
that require severe conditions [12]. Unlike ILs, DESs are easy to prepare from readily
available material (often cheap and derived from safe components) at low cost and high
purity. DES systems are a homogeneous mixture of two or more compounds that selfassociate to form an eutectic mixture at a particular molar ratio [12]. They are less
sensitive to water content than ILs, making their use more feasible with wet biomass,
which would be present at a field site [12]. Drying costs for biomass can be a substantial
portion of pretreatment costs and, if the biomass is not first dried, transportation costs are
increased [13]. The synthesis of DES requires gentle mixing of two compounds at a
specific molar ratio at temperatures of 130 °C or less.
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Some DESs effectively solubilize lignin but only disrupt cellulose without
dissolving it. This suggests that DES pretreatment could prepare recalcitrant biomass for
further saccharification. DESs that have this property include the following mixtures; lactic
acid with betaine, lactic acid with choline chloride, lactic acid with proline, and formic acid
with choline chloride [12]. Although DES pretreatment for lignin removal has been
explored for such raw materials as wheat straw, corn stover, rice straw, and others, no data
is currently available for DES pretreatment of rice husk and bagasse [9, 14-20].
The goal of this work is to develop an eco-friendly, economically feasible method
to deconstruct non-food byproducts that result from harvesting food crops, while also
reducing the volume of material that must be transported to biorefineries for conversion.
At present, no data are available for the use of DES on secondary agricultural
residues. This work will investigate these solvents' effectiveness on rice hulls and
sugarcane bagasse deconstruction and their viability for a commercial process. To
accomplish this goal following specific objectives were achieved during this research:
•

Evaluated the use of DESs for the deconstruction of secondary agriculture residues:
o Quantified yields after pretreatment
o Fully characterized pretreatment products
o Hydrolyzed carbohydrate product to determine sugar yields
o Optimized DES makeup and process conditions
o Determined energy efficient method for biomass pretreatment
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1.1.2

Use of Rice Husk Ash (RHA) for Development of Engineered Cementitious

Material
Controlled combustion produces amorphous silica in RHA that reacts with
Ca(OH)2 during the hydration of the cement to enhance long-term compressive strength
[21, 22]. RHA has been claimed to be superior to other supplementary materials like
silica fume and fly ash [23]. RHA contains high silica content along with significant
amorphous material, which is thought to get involved in the pozzolanic reaction.
Furthermore, Mehta and Folliard [23] showed that inclusion of RHA in OPC provided
substantial resistance to alkali silica reaction (ASR), acid attack, and frosting when
compared to OPC specimens. In addition, RHA has shown enhanced synergistic
properties when combined with other nanoparticles, such as nano-silica [24].
The objectives were to investigate possible enhancements to hardened cement
paste (HCP) with the addition of biomass ash, a sustainable material, in place of Ordinary
Portland cement (OPC). The following tasks achieved this objective:
•

Prepared biomass ash from rice husks.

•

Prepared HCP samples, incorporating varying amount of biomass ash along with
other admixtures, and curing them for 28 days. The standard method ASTM C192M
was used to prepare samples. The control cement was commercial-grade OPC with no
additives. Biomass ash was used to replace OPC in the binder for the cement paste.

•

Studied the rate of strength development, data that are essential for construction,
using ASTM C873.

•

Examined relationships between selected admixtures and porosity changes.
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•

Determined the effect of biomass ash on compression strength of HPC samples
without reinforcement using ASTM C873.

•

Polished samples prior to conducting scanning electron microscopy (SEM) to
determine phases present and to perform elemental X-ray analysis. Correlated varying
additive amounts to elements present and phases identified.
1.1.3

Hydrothermal Carbonization of Coffee Silverskins

Food product preparation generates large quantities of wastes that are
concentrated in central processing facilities, meaning that the wastes do not require
energy-intensive transporting from the fields. If these waste biomass are landfilled, they
pollute the environment both physically and in transportation to the landfill. A chemically
simple process, hydrothermal carbonization (HTC) requires only biomass and water to
generate a solid fuel and a sugar-laden liquid [25, 26]. Other secondary agricultural
residues have been processed using HTC for valorization, such as olive pomace, tobacco
stem, argan nut shells, and coconut shells [27-30]. This relatively low temperature
process has been extensively studied for a number of biomass, but no reports on HTC
pretreatment of coffee silverskins are available in the literature [31, 32]. The objective of
this work was to investigate how HTC at various temperatures affected the bioproducts
from coffee silverskins, the low-density waste from roasting coffee beans. This objective
was achieved by analyzing solid mass yield, energy densification, energy yield; and
liquid pH, mass yield, and sugar monomer concentrations.
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1.2

Organization of the Dissertation

The findings of the study are presented in this dissertation in the format of four
standalone articles (three of them are already published in peer-reviewed journal papers).
Each chapter from two to five contains one article and chapter six is the overall
conclusion and recommendations for future studies.
In Chapter 2, rice hulls and bagasse pretreatment using five different types of
DESs have been explored. The varying ability of these deep eutectic solvent to separate
lignin from cellulose in these wastes was related to pKa values and to enhancements of
glucose yield after enzymatic hydrolysis. How these deep eutectic solvents affected the
unexplored inorganic content of these waste biomass was also investigated. Chapter 2 is a
published paper in Waste and Biomass Valorization. An energy efficient method was
investigated for biomass pretreatment by comparing conductive heating versus
microwave heating for the most effective DES from Chapter 2’s research, and the results
reported in Chapter 3. This chapter was published in the journal Industrial Crops and
Products.
Chapter 4 considers the micro- and macroproperties of cementitious materials
with OPC replaced with RHA alone and with RHA combined with coal fly ash (CFA),
silica fume (SF), nanosilica (NS), and metakaolin (MK). Along with te mechanical
properties, a multiscale approach was used to investigate the microstructural production
formation. To achieve this, X-ray powder diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) were used to identify the specific phases present in the cement
samples.This work showed that combining CFA with RHA had a synergistic effect in
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producing sustainable and environmentally friendly cements. This chapter was published
in the ACS Sustainable Chemistry and Engineering journal.
In Chapter 5, how HTC at various temperatures affected the bioproducts from
coffee silverskins, the low-density waste from roasting coffee beans has been
investigated. Characterizations of solid and liquid products were discussed in this
chapter. Chapter 6 summarizes the important conclusions from the previous chapters and
recommendations for future work.

SECONDARY AGRICULTURE RESIDUES PRETREATMENT
USING DEEP EUTECTIC SOLVENTS†

2.1

Introduction

Renewable, sustainable biofuels are essential for a growing world economy that
needs to reduce its dependence on fossil fuels. While solar and wind resources can
intermittently produce electricity, the heavy batteries needed in vehicles to store this
energy for transportation reduce their efficiency. Storage in a liquid or solid biofuel is
especially more appropriate for aircraft.
The ethanol we put into our gas tanks is primarily made from corn, a feedstock
that has many other uses. Corn stover, miscanthus, and switchgrass are not foods, but
must be transported from where they are grown to processing centers, a journey that is
fuel intensive since their low density means that a semi-truck can only carry a few
hundred kilograms.
Secondary agricultural residues are better solutions for feedstocks for conversion
to biofuels. These are biomass that must be transported to processing centers before they
are separated from the primary food product. A few of these secondary agricultural

†

This chapter or portions thereof has been published previously in the journal of Waste and Biomass
Valorization under the Chapter 2 title 33.
Kumar, N., et al., Secondary Agriculture Residues
Pretreatment Using Deep Eutectic Solvents. Waste and Biomass Valorization, 2020: p. 1-11.. (2020), DOI:
https://doi.org/10.1007/s12649-020-01176-1. The current version has been formatted for this dissertation.
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residues, such as soybean hulls and sweet potato vines, can be used as animal feed [34,
35]. Two secondary agricultural residues that do not have obvious uses are rice hulls
(husks) and sugarcane bagasse, which remains after the sugar is removed [36, 37]. These
recalcitrant biomass are often landfilled, since they do not compost well. Rice husks
compared to sugarcane bagasse are particularly difficult to pretreat, since they have a
coating comprised primarily of silicon dioxide [38]. However, either of these secondary
agricultural residues can become feedstocks for biofuels if separated into cellulose and
lignin components. Cellulose can be hydrolyzed to glucose for fermentation to ethanol or
butanol, while lignin can be pelletized as a solid fuel or used as a binder for pellets [39].
Lignin, in addition, has potential to be converted into valuable chemical products [40].
The most typical method for biomass separation into cellulose and lignin is the
Kraft process. Woody biomass is used, since it has low levels of inorganics. However,
wood has other structural uses. The Kraft process is not particularly environmentalfriendly, since it releases sulfur-containing volatile organic compounds into the
atmosphere [41].
A number of non-sulfur methods have been proposed for such a separation,
including organosolve or ionic liquid pretreatments [42, 43]. However, these methods can
damage the environment since they require other hazardous materials or high pressure.
Deep eutectic solvents (DES) have many advantages compared to other biomass
pretreatment methods [44]. DES are biodegradable, biocompatible, nontoxic, and
nonflamable, which make them green solvents for lignocellulosic biomass dissolution
[44, 45]. Chen et al. (2018) have noted that, like ionic liquids, certain DES will
decompose at high temperatures [46]. Unlike ionic liquids, however, [44, 45], they are
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low cost because they are easily prepared from readily available materials at high purities
[47]. In addition, DES typically do not inactivate enzymes, making them valuable in
biofuel processing [48]. They are less sensitive to water content, making their use more
practical with the wet biomass at field sites [45]. Biomass drying costs are often a
considerable portion of pretreatment costs [49].
A eutectic system forms a joint super-lattice from a homogeneous mix of two
solid-phase chemicals at a particular molar ratio, called the eutectic composition. This
super-lattice melts at the eutectic temperature, which is a temperature lower than the
individual melting points of the components. The word “deep” in DES originates from
the particularly deep crevice in the melting point curve. DES are formed by hydrogen
bonding or other non-covalent interactions [50-53] instead of the ionic bonding that
stabilizes ionic liquids [54].
Prepared at temperatures of 130 C or less, DES require only mixing in the proper
molar ratios [45, 55]. Inexpensive components used to make DES are acetic acid, formic
acid, lactic acid, betaine, and choline chloride [55]. Acetic acid, formic acid, and lactic
acid are all benign food additives and can be produced sustainably from biomass [56-58].
Betaine is obtained from sugar beets and large quantities of choline chloride are produced
for adding to chicken feed [45, 55].
Some waste agricultural biomass that have been successfully treated for
valorization by DES include rice straw, wheat straw, and corn stover [59-61]. However,
since they must be transported for processing, the economics for their valorization may
be less favorable than those for secondary agricultural residues. Such residues that have
upgraded for valorization include corncob and olive mill waste [62, 63].
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Previous work on pretreatment of biomass has indicated that lignin can be
separated from cellulose using DES [64-68]. Zhang et al. (2016) successfully separated
corncob for valorization using lactic acid:choline chloride 10:1 molar ratio DES (LA:CC)
at 90 °C for 24 h [63]. Xing et al. (2017) effectively pretreated rice straw with the DES
FA:CC and with an acetic acid:choline chloride 2:1 molar ratio DES (AA:CC) at 130°C
for 2 h [69]. Yu et al. (2017) successfully separated herbal residues using FA:CC, an
acetic acid:choline chloride 4:1 molar ratio DES, and a lactic acid:choline chloride 6:1
molar ratio DES at 120°C for 8 h [70].
2.1.1

Objective

Our purpose for this work was to prepare various DES and to determine their
efficacy in separating the lignocellulosic components of the secondary agricultural
residues rice hulls and sugarcane bagasse. Our research’s goal is to discover an
environmentally-friendly pretreatment to prepare waste biomass to become precursors for
valuable biofuels. To accomplish this goal, the following specific objectives must be
achieved during this research:
➢ Evaluate the use of DESs for the deconstruction of secondary agriculture residues:
o Quantify yields after pretreatment
o Fully characterize pretreatment products
o Hydrolyze carbohydrate product to determine sugar yields
Figure 2-1 displays a schematic for our DES-based waste biomass pretreatment
process. The recovered biomass after the pretreatment step was characterized with respect
to its enzymatic digestibility, FTIR, and composition.

14

Figure 2-1: A schematic of biomass pretreatment using DES.
2.2

Materials

Rice hulls and bagasse were harvested in Louisiana and obtained from Falcon rice
mill (Crowley, La, USA) and Lula Westfield (Paincourtville, La, USA), respectively. For
the chemical composition analysis of the raw biomass, the NREL methods LAP/TP-510426 18 through 22 [71] were performed for both types of the biomass used in this study
and results are presented in Table 2-1.
Choline chloride powder (BioReagent, suitable for cell culture, ≥98%), formic
acid (reagent grade, ≥95%), acetic acid (reagent grade, ≥99.7%), lactic acid solution
(reagent grade, ≥85%), powdered cellulase from Trichoderma reesei (ATCC 26921),
sulfuric acid (reagent grade, 95-98%), betaine (≥98% from perchloric acid titration), Lproline (ReagentPlus®, of 99%), liquid cellobiase from Aspergillus niger and powdered
hemicellulase from Aspergillus nigerr were purchased from Sigma-Aldrich (St.Louis,
MO, USA). Sodium citrate dehydrate with a minimum purity of 99.0% and sodium azide
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of a 99% minimum purity were purchased from Alfa Aesar (Ward Hill, MA, USA).
Denatured ethanol (90.5%) was bought from Duda Energy (Decatur, AL, USA). Nylon
membrane disc filters of pore size 0.45 μm were purchased from Foxx Life Sciences
(Salem, NH, USA).
Table 2-1 Chemical compositional analysis of rice hulls and bagasse
Biomass

Composition %
Cellulose

Hemicellulose Lignin

Ash

Extractives

Rice hulls

35.54 ± 0.8

10.79 ± 1.5

25.10 ±
1.5

19.95 ±
0.2

8.63 ± 0.4

Bagasse

35.24 ± 0.3

11.28 ± 0.3

35.00 ±
1.1

8.69 ± 0.6

9.78 ± 0.3

Table 2-2 DES components and their mole ratios
DES
Abbreviation

Hydrogen bond
donor

Hydrogen bond
acceptor

Mole ratio

FA:CC

Formic acid

Choline Chloride

2:1

LA:CC

Lactic acid

Choline Chloride

10:1

AA:CC

Acetic acid

Choline Chloride

2:1

LA:Be

Lactic acid

Betaine

2:1

LA:Pr

Lactic acid

Proline

3.3:1

2.3
2.3.1

Methodology

Synthesis of DES

DES were synthesized by mixing the hydrogen bond donor and the hydrogen
bond acceptor as shown in Table 2-2.
The components were then shaken in a 60 ˚C orbital shaker at 200 RPM for 20
minutes. If a transparent solution was not observed, an the solution was shaken for an
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additional 20 minutes at 60 ˚C. Once a homogeneous, transparent solution was observed
with no evidence of any solid particles, then the solution was sealed and stored at room
temperature. Karl-Fisher titration revealed that the percentage of water in the FA:CC,
LA:CC, and AA:CC DES was 6.81 %, 9.85 %, and 1.67 %, respectively.
2.3.2

Pretreatment of Biomass with DES

Each biomass was dried for 24 h at 105 ˚C and then they were milled to a specific
size (mesh 14-28, 1.168-0.589 mm in diameter) before DES pretreatment. The
pretreatments were carried out using a biomass concentration of 9.1 wt% (3 g of dry
biomass and 30 g of DES, for a 1:10 mass ratio) in a flask that was immersed in an oil
bath with magnetic stirring. The pretreatment of biomass with the DES in Table 2-1 (b)
was conducted at 155 ˚C for 2 h. These conditions were chosen as optimal from
previously performed studies in the literature [72, 73]. The flask with the biomass and
each DES was attached to a condenser to precipitate the slightly volatile DES [66], in
order to keep the solvent volume constant. In a scaled-up process, such a condenser is
less likely to be required due to head space available. After 2 h, the flask was removed
from the oil bath and vacuum filtering with a coarse nylon net filter separated solid
biomass residue from DES. The solid biomass was subsequently rinsed with ethanol and
separated using the same coarse nylon filter. Following this, the filtrate and biomass
residue underwent separate treatments.
Deionized (DI) water (400 g) was added to the filtrate to precipitate lignin. After
precipitation, vacuum filtering with a 0.45 µm nylon filter was used to separate the lignin.
Additional DI water was used to wash the lignin to increase the purity. Mass yield was
calculated as 100% multiplied by dried lignin precipitate weight/original biomass weight.
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The biomass residue was magnetically stirred with 70 ml DI water at 50 ˚C for 20
minutes to remove DES remaining on the residues. The DI water was decanted, and the
rinsing process was repeated for another 20 minutes at 50 ˚C. Finally, the water rinsing
process was repeated for another 24 h at 50 ˚C to ensure the complete removal of the
DES. A 0.45 µm nylon filter was used to separate the pretreated biomass from water by
vacuum filtering. The pretreated biomass was dried in an oven at 105 ˚C for 24 h prior to
weighing. Mass yield was calculated as 100% multiplied by dried biomass residue
weight/original biomass weight.
2.3.3

Enzymatic Hydrolysis

Raw and pretreated biomass was dried for 24 h at 105 ˚C in a drying oven.
Samples of raw and pretreated biomass of mass 0.1 g were placed in a vial with 5 ml of
pH 5.05 sodium citrate buffer, followed by 100 µl of a 2% sodium azide solution and DI
water was added to give a total volume of 10 ml, as described in NREL’s enzymatic
Saccharification of Lignocellulosic Biomass LAP 009 protocol [74]. Cellulase,
hemicellulose, and cellobiase were added at a concentration of 5, 14, and 50 units per 0.1
g sample, respectively. Samples were placed in an orbital shaker at 200 RPM at 50 ˚C.
Aliquots were taken for analysis at 24, 48, and 72 h and filtered through a 0.45 µm
syringe filter. They were then stored at 4 ˚C prior to analysis.
2.3.4

Glucose Analysis after Enzymatic Hydrolysis

The YSI 7100 MBS (multiparameter bioanalytical system from YSI Life
sciences) with a system buffer (YSI 2357)and a calibrator standard YSI 7147 (1.80 g/l
glucose) for glucose, was used to measure the glucose concentrations in the enzymatic
hydrolyzed samples. The glucose mass recovered divided by the cellulose mass existing
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in the original biomass sample is defined as glucose yield. An anhydrous factors of 0.9
must be used for glucose, since the breaking of the cellulose bonds adds an OH to
glucose compared to cellulose monomer. The glucose yield was obtained using eq. 2.1.
% 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑

=

𝑔
0.9 ∗ 10 𝑚𝐿𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∗ 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝐿 (𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑏𝑙𝑎𝑛𝑘𝑠)
𝑔 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ∗ 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑖𝑛 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
Eq. 2-1
2.3.5

Fourier Transform Infrared – Attenuated Total Reflectance (FTIR-ATR)

Spectroscopy
A Nicolet IR 100 FTIR having an ATR attachment with a diamond crystal
(Thermo Scientific, Waltham, MA, USA) was used to perform 16 scans per sample from
400 to 4000 cm-1 wavenumbers. FTIR analysis was performed on samples that were raw
and on pretreated samples, as well as on the precipitate formed from DI water addition to
the filtrate.
2.3.6

Lignin and Carbohydrate Analysis

Cellulose, hemicellulose and lignin content of all the raw and pretreated samples
were determined by quantitative saccharification upon acid hydrolysis and subsequent
HPLC analysis, using the NREL protocols LAP/TP-510-426 18 through 22 [71]. For raw
biomass, ethanol extraction was carried out to remove the non-structural components of
the biomass prior to acid hydrolysis and thus the biomass fraction mentioned as
extractives was removed from the raw biomass. For pretreated samples, it was assumed
that the extractives component was removed during the pretreatment process, so that
these samples directly progressed to acid hydrolysis for compositional analysis. The
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concentrations of glucose, xylose, arabinose, galactose, and mannose were quantified
using an HPLC (TheroFisher Scientific, Waltham, MA, USA) equipped with a refractive
index detector and an Aminex HPX-87P column 300x7.8 mm, from Bio-Rad. The
temperature of the column was kept constant at 80 ˚C and the flow rate was a sustained
0.6 ml min-1 (DI water). Each experiment was performed in triplicate. Total cellulose
release upon acid hydrolysis was determined as the sum of cellobiose and glucose and the
total hemicellulose release was determined as the sum of xylose, galactose, arabinose and
mannose. The sum of acid insoluble and acid soluble lignin was represented as total
lignin content available in each sample. It should be noted that neither this fiber analysis
method nor any other is considered to be completely valid for biomass with greater than
10% ash, such as rice hulls.
2.4
2.4.1

Results and Discussions

Mass Yield after DES Pretreatment

Five different types of DES were prepared and screened for both types of biomass
used in this study. The mass yields (solid remaining after DES pretreatment) of rice hull
and bagasse are presented in Figure 2-2 (a). It can be seen that the mass yield of rice hull
samples pretreated with FA:CC or LA:CC were the lowest, achieving 64% and 65%
respectively. This indicates that these two solvents were the most effective at extracting
the biomass components from the rice hulls. Less effective pretreatments were found for
AA:CC and LA:Pr, since they yielded 76% and 86% of the sample’s mass, respectively.
LA:Be was observed to be ineffective at removing biomass component from rice hulls at
these conditions, with little appreciable mass removal.
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Figure 2-2 (a) shows that the bagasse samples pretreated with LA:CC also had
65% mass yield, far exceeding the performance of the other DES tested. FA:CC and
LA:Pr both gave mass yields of about 81%, while AA:CC achieved 86%, a mass yield
significantly higher compared to that for LA:CC. As LA:Be appeared to remove little
lignocellulosic material from the rice hulls, it was not considered for bagasse
pretreatment.
2.4.2

Mass Yield from DES Pretreatment Precipitates

After pretreatment, ethanol was added to the treated biomass to separate the
remaining solid particles from the spent DES and dissolved biomass components. The
ethanol soluble fraction containing dissolved organics was collected after vacuum
filtration. Using DI water, solids were precipitated from this ethanol soluble fraction to
give an estimate of the biomass components solubilized in the DES solvent.
The yield of precipitate after DES pretreatment of rice hulls and bagasse is
presented in Figure 2-2 (b). The amount of precipitated solids ranged from 5% to 20% of
the initial rice hull biomass, depending on the type of DES used for pretreatment. From
the FTIR analysis, this DI water precipitate was high in lignin content, so it will be
referred to as precipitated lignin. Lignin yields were calculated from the ratio of
precipitate to the lignin in the initial biomass. It is shown that FA:CC was able to extract
the most lignin from rice hulls, achieving a lignin yield of 20%. Samples treated with
AA:CC also had high lignin yield at about 19%. LA:CC was less effective, achieving
only a 13% lignin yield. LA:Be and LA:Pr yielded very little lignin when used to pretreat
rice hulls, giving about 6% and 2.5% yields, respectively.
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Figure 2-2: (a) Mass yields after DES pretreatment for rice hulls and bagasse using
different DES at 155 ˚C for 2 h. (b) The amount of precipitated lignin from used DES
after DI water addition for rice hulls and bagasse, as a percentage of the lignin in the
original biomass sample.
As can be seen in Figure 2-2 (b), pretreatment of bagasse with DES was most
successful with AA:CC, yielding a product with 15% lignin yield. LA:CC and FA:CC
were somewhat less effective, yielding 12% and 10% respectively. Usage of LA:Pr again
resulted in a low lignin yield of about 5%.
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2.4.3

Glucose Yield from Enzymatic Hydrolysis of Pretreated Biomass

To evaluate the efficiency of the DES pretreatment to enhance the cellulose
accessibility to hydrolytic enzymes, the rates of conversion of cellulose into glucose
during enzymatic hydrolysis of raw and pretreated biomass were measured. The glucose
yields (the ratio of glucose liberated by enzymatic hydrolysis to glucose that exists as
cellulose in the raw or pretreated biomass) as a function of hydrolysis time for rice hulls
and bagasse are shown in Figure 2-3 (a) and (b) respectively.
As shown in Figure 2-3 (a), no glucose was liberated for the rice hulls that did not
undergo DES pretreatments. This result indicates the necessity of pretreatment preceding
enzymatic hydrolysis to change some structural characteristics of rice hulls and to
increase cellulose accessibility to hydrolytic enzymes in order to provide high sugar
yield, due to its recalcitrant lignocellulosic structure.
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Figure 2-3: Glucose yield versus enzymatic hydrolysis time, after pretreatment in various
DES for 2 h at 155 ˚C. Raw means rinsed rice hulls or bagasse with no pretreatment (a)
Glucose yield for rice hulls (b) Glucose yield for bagasse. Standard error bars are shown.
The liberated glucose yield for FA:CC pretreated rice hulls was the highest with a
value of around 65% after 72 hours. The glucose yield for the rest of the samples lie
below the FA:CC pretreated sample and above the raw rice hulls. The mass yield results
show that FA:CC pretreated rice hulls had the lowest mass yield compared to the samples
treated with other DES, demonstrating that more extracted biomass components allow
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more enzyme accessibility, and as a result a higher sugar yield can be obtained. Among
the four pretreated samples LA:Pr had the highest mass yield, corresponding to lowest
glucose yield during enzymatic hydrolysis.
When compared to raw bagasse, all the pretreated bagasse sample showed an
increase in glucose yield suggesting that pretreatment of bagasse was beneficial in
obtaining higher sugar yield. As seen for rice hulls, LA:Pr was the least efficient, while
FA:CC was the most efficient DES for obtaining glucose yields during hydrolysis.
However, we must note that the amount of extracted biomass components via
DES pretreatment cannot be used as a direct measure for evaluating the sugar yield
during enzymatic hydrolysis. The individual leftover biomass components and
interaction of these components among themselves after DES pretreatment can influence
the enzyme digestibility [75].
Xu et al. (2016) also found enhanced glucose yield when using the DES FA:CC
and AA:CC on corn stover after enzymatic hydrolysis, with FA:CC performing better
than AA:CC [60]. They attributed the better yields to increased cellulose accessibility by
removal of hemicellulolose and lignin. In their work with rice straw, Xing et al. (2017)
found more glucose yield produced with FA:CC and AA:CC pretreatment that with
formic acid or acetic acid alone after enzymatic hydrolysis [69]. Again, they reported
FA:CC performing better than AA:CC. Yu et al. (2017) reported that for their herbal
residues FA:CC pretreatment delivered better glucose yields than pretreatment with their
AA:CC 4:1 molar ratio DES or their LA:CC 6:1 molar ratio DES [70]. These results line
up with those from the present work, which also showed FA:CC to give higher glucose
yields than AA:CC or LA:CC for both biomass. Differences in specific yield amounts can
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be attributed to the fact that the biomass used by Xu et al. (2016), Xing et al. (2017), and
Yu et al. (2017) were not the same as those used in the present work, and the
temperatures and times for pretreatment were also dissimilar [60, 69, 70].
The liberated glucose yields for raw rice hulls were lower than raw bagasse and
similar findings were observed for all other samples, pretreated using a particular type
DES. This indicates that bagasse has a less recalcitrance structure than rice hulls, possibly
due to the processing it undergoes during sugar extraction. The improvement in glucose
liberation with DES pretreatment of rice hulls and bagasse suggests that it could be a
practical step in conversion of these recalcitrant lignocellulosic biomass to biofuels or
other bioproducts.
2.4.4

FTIR Analysis

FTIR analysis of raw and pretreated biomass confirmed that changes in biomass
composition and structure occurred during DES pretreatment. FTIR spectra of raw and
pretreated biomass and precipitated lignin samples are shown in Figure 2-4 and 2-5. It
can be seen from Figure 2-4 (a) and (b) that all the pretreated samples showing a FTIR
vibration at 1425 cm-1, indicating the pretreated biomass still contains considerable
amount of crystalline cellulose. Details related to the vibrations associated with each
biomass component are shown in Table 2-3 and explained by Kumar et al. (2019) [73]. In
the pretreated samples the lignin and hemicellulose related characteristic vibrations are
less prominent compared to respective raw biomass. These findings confirm the structure
of the pretreated biomass was obviously changed, resulting in faster enzymatic
saccharification. From the comparison of the FTIR spectra of raw biomass and the
precipitated lignin from the DES (Figure 2-5 (a) and (b)), all lignin related characteristics
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vibrations remained intact with the corresponding vibration in raw biomass, indicating a
low or no degradation of chemical structure. Precipitated lignin had intense vibrations at
wavenumbers related to lignin, thus suggesting the precipitates were highly lignin
concentrated. We are abbreviating lignin-rich precipitate as “lignin” for conciseness.
Table 2-3 Wavenumber vibration assignments
Wavenumber Band Assignment
(cm-1)
858

C-H out of plane positions 2,5,6 of lignin (guaiacyl) ring

896

C1−H deformation with a ring vibration contribution for amorphous
cellulose

1060

C-O stretching vibration for cellulose and hemicellulose

1162

C-O-C vibration in cellulose

1425

Crystalline cellulose

1515

Lignin aromatic ring skeletal stretch

1600

Lignin C=O stretching conjugated to the aromatic ring, aromatic ring
vibration

1718

C=O stretching in unconjugated ketone, carbonyl and ester groups
related to lignin

896, 1060, 1162, and 1425 cm=1 are cellulose-related vibrations. 858, 1600, and 1718
are lignin- related vibrations.
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Figure 2-4: FTIR spectra of untreated and DES pretreated (a) rice hulls (b) bagasse.

28
FA:CC precipitates
AA:CC precipitates

LA:CC precipitates
Raw rice hulls

896
858

1060

1162

1425

1515

1600

1718

A.U.

(a) Rice hull precipitates

Wavenumber (cm-1)
Raw Bagasse

FA:CC precipitates

LA:CC precipitates

AA:CC precipitates

896
858

1060

1162

1425

1515

1600

1718

A.U.

(b) Bagasse precipitates

Wavenumber (cm-1)

Figure 2-5: FTIR spectra of material precipitated by DI water addition to the DES after
biomass pretreatment (a) rice hulls (b) bagasse.
To evaluate the effectiveness of DES pretreatment, the ratios of the combined
areas of relevant cellulose vibrations to those related to lignin were used. Table 2-2
describes the vibrations used for the ratio. [73]. Figure 2-6 shows that cellulose to lignin
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ratios were substantially increased for pretreated rice hulls and bagasse samples
compared to the relevant raw biomass. Lignin in rice hull and bagasse samples thus were
removed by the DES pretreatment. These findings confirm the mass yield and enzymatic
hydrolysis findings previously discussed. For rice hulls, FA:CC treated rice hulls had the
highest cellulose to lignin ratios, resulting in the highest glucose yield after enzymatic
hydrolysis. The LA:CC pretreated and AA:CC pretreated rice hulls show almost same
area ratios for cellulose vibrations to lignin vibrations, and they showed almost the same
glucose yield. It is well known that the appropriate physicochemical features of substrate,
such as large surface area and pore volumes, are primarily responsible for good
enzymatic cellulose digestibility [76]. Removal of lignin and hemicellulose could
enhance the cellulose accessibility to enzymes by creating sufficient surface area and
pore volumes, resulting in faster saccharification.
For bagasse, LA:CC pretreatment was the most effective, while AA:CC
pretreatment was the least effective at removing lignin and producing concentrated
cellulosic biomass, a result of the similarity in structural composition (Figure 2-7). This
finding does not correspond with the enzyme digestibility data, which indicated FA:CC
pretreatment to be more highly effective for faster enzymatic saccharification. This
discrepancy could possibly be explained by the level of disruption of cellulose or the
interaction of biomass components with these DES.
As can be seen from Figure 2-6 (a) and (b), the area ratios for cellulose vibrations to
lignin vibrations for the precipitates from the spent DES, are much lower compared to the
same area ratios for the relative raw biomass. The area ratios for precipitates were found
to be below 0.5, suggesting that they are highly lignin concentrated. These precipitates

30
are called precipitated lignin for this reason. For both rice hulls and bagasse LA:CC
showed the lowest cellulose to lignin area ratios, indicating that LA:CC treatment is
highly effective in obtaining purer lignin.
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Figure 2-6: Cellulose to lignin ratios (a) Raw and pretreated biomass, and precipitated
lignin for rice hulls (b) Raw and pretreated biomass, and precipitated lignin for bagasse.
Standard error bars are shown.
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2.4.5

Fiber Analysis

After DES pretreatment all the samples were characterized in terms of structural
composition. Figure 2-7 illustrates the effects of DES pretreatment on biomass
compositions compared to the results obtained for the relevant raw biomass. It can be
seen from Figure 2-7 that all the pretreated biomass was more cellulosic, and less
concentrated in lignin compared to raw biomass. Removing part of the biomass’
hemicellulose and lignin led to an increase in cellulose content and a decrease in
hemicellulose and lignin content in the recovered residue. The relative composition of the
pretreated biomass using LA:Pr or LA:Be changed only marginally when compared to
the respective raw biomass, indicating that no specific biomass fraction was removed
selectively during pretreatment. The relative amount of biomass components has been
increased due to removal of extractives during the pretreatment. These findings explain
why no significant enhancement was observed in the enzymatic saccharification profile
of LA:Pr pretreated rice hulls or bagasse, compared to the respective raw biomass sample
(Figure 2-7).
All the effectively pretreated samples had lower hemicellulose and lignin content
compared to the relevant raw biomass, resulting in a corresponding increase in the
relative cellulose fraction. This outcome has also been reported in previous studies where
hemicellulose and lignin were successfully removed from untreated samples for various
types of biomass pretreatment using DES [64, 77-80]. However, our previous study on
solubilities of individual lignocellulosic components in DES showed that FA:CC, and
AA:CC don’t dissolve significant amounts of xylan [66]. This indicates that the biomass
components after separation and isolation from biomass interact differently with DES
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compared to those in unprocessed biomass. The removal of lignin and hemicellulose is
essential in order to achieve optimum contact between cellulose and enzyme. This
finding is supported by what had been obtained from the enzymatic saccharification and
FTIR analyses discussed in sections 2.4.3 and 2.4.5, respectively.
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Figure 2-7: Cellulose to lignin ratios (a) Raw and pretreated biomass, and precipitated
lignin for rice hulls (b) Raw and pretreated biomass, and precipitated lignin for bagasse.
Standard error bars are shown.
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In analyzing the composition of pretreated rice hulls, it can be seen that the
greatest change in cellulose, hemicellulose, and lignin components occurred in FA:CC
pretreated rice hulls. FA:CC pretreated rice hulls have the highest cellulose and the
lowest hemicellulose and lignin compared to rice hulls pretreated with the other DES.
This result corresponds to the fastest enzymatic saccharification found in Figure 2-3 (a)
for FA:CC pretreated rice hulls compared to the other DES used in this study. The
enzymatic cellulose digestibility of the pretreated biomass is directly related to
hemicellulose removal [64, 79] and delignification [77, 78]. LA:CC pretreated rice hulls
have similar cellulose and lignin compared to AA:CC pretreated rice hulls. Similar
glucose yields after enzymatic hydrolysis would then be expected for LA:CC pretreated
rice hulls compared to AA:CC pretreated rice hulls, as indeed is shown in Figure 2-3 (a).
Bagasse treated with AA:CC had a slightly higher cellulosic fraction compared to
FA:CC and LA:CC treated bagasse. FA:CC or LA:CC treated bagasse have almost same
cellulose and lignin fraction. However, comparing FA:CC, LA:CC, or AA:CC
pretreatment of bagasse, FA:CC was the most effective and LA:CC was the least
effective in achieving higher glucose yield after enzymatic saccharification. From these
findings it can be seen for all DES systems used in this study resulted in higher cellulosic
biomass and faster enzymatic saccharification. However, different DES pretreatment
does affect the enzymatic saccharification differently.
For both of the biomass used in this study, clear correlation was observed between
the pKa values of the HBDs and the delignification abilities of the DES. Acetic acid has
a a higher pKa value (pKa 4.75) than formic acid (pKa 3.75) or lactic acid (pKa 3.86),
and acetic acid resulted in the least efficient delignification for the choline chloride-
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containing DES. Lynam et al.( 2017) studied the above mentioned choline chloride:acid
based DES with pine residues for delignification and enzymatic hydrolysis yield [66].
From this study it was shown that the highest lignin solubility (14% w/w) and hydrolysis
yields (70%) were obtained with FA:CC compared to LA:CC and AA:CC. Hence, DES
with strong acidity (lower pKa) were found to be more efficient for delignification. All
the effectively pretreated samples have higher ash content compared to the relevant raw
biomass. One could speculate that these inorganics act as a catalyst in the process,
disrupting hydrogen bonds between crystalline cellulose biomacromolecules [81].
Depending on which inorganics are concentrated in the pretreated biomass by a particular
DES, hydrogen bonds between individual cellulose molecules may be more or less
disrupted. Further research on the interaction between DES and inorganics is needed.
2.5

Conclusions

Five different DES were synthesized and evaluated for rice hulls and bagasse
pretreatment. Enzymatic hydrolysis data indicated that DES pretreatment can enhance
glucose yield significantly after enzymatic saccharification when FA:CC, LA:CC or
AA:CC are employed. FTIR analyses of DES-pretreated biomass samples suggest that
enhanced glucose yield is due to removal of lignin during pretreatment, so that the
pretreated biomass is rich in cellulosic content. FTIR analysis also supported the claim
that the precipitate was lignin-rich. Fiber analysis confirmed that the pretreated biomass
is higher in cellulosic content than raw biomass. FA:CC, the DES with the highest pKa,
was found to be most effective in pretreatment. DES pretreatment has the potential to
serve as an alternative to existing technologies for biomass pretreatment.

PRETREATMENT OF WASTE BIOMASS IN DEEP EUTECTIC
SOLVENT: CONDUCTIVE HEATING VERSUS
MICROWAVE HEATING †

3.1

Introduction

In a planet nearing 8 billion people, new environmentally-friendly ways are
needed to produce food, fuel, and other products. Biomass can sustainably provide these
necessities. However, food like corn is frequently converted into fuel, rather than being
used for its intended purpose. Such use provokes “food vs. fuel” conflicts, which increase
when food stocks are assigned to produce fuel [82]. One method to avoid such conflicts is
to convert agricultural byproducts like the leaves and stalks of corn (corn stover) into
biofuels or other bioproducts. Corn stover, like other primary agricultural residues, must
be transported to a biorefinery for conversion. Transportation of low density biomass is
costly in terms of fuel and emissions of pollutants. Thus, conversion of secondary
agricultural residues is a more environmentally-friendly option. Secondary agricultural
residues are waste biomass required for food production that have already been
transported to processing centers. Some secondary agricultural residues can be used for
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animal feed, such as soybean hulls, peanut skins or peanut hulls [83, 84]. Other secondary
agricultural residues are not suitable for animal feed due to high inorganic content or
indigestibility [85]. Such waste biomass includes rice hulls.
Rice hulls have what is in essence silica "armor" on their outside surfaces, so they
are not suitable as compost materials or as animal feed [38]. Rice hulls are generally
landfilled or even burned in the open field, therefore polluting the environment [86, 87].
In the United States, about 3 million acres are used for rice production [88]. Rice hulls
are approximately 40% cellulose, a component that could be converted into glucose as a
feedstock for biofuel or chemical production. They also contain 12% lignin.
The significant challenge of commercialization of underutilized agriculture
byproducts to biofuels or other products is cost-effective, safe, environmentally-healthy
deconstruction. This deconstruction separates cellulose and hemicellulose from lignin, so
that the two components can be converted separately. Using acids, alkalis, volatile
organic compounds, or high pressure processes for this separation presents dangers to
both human health and the environment. In addition, the transport of whole, low-density
biomass over great distances for processing by such methods generates carbon dioxide,
while wasting fuel. If a safe, low-pressure, and low-cost process could be developed for
rice milling processing centers, the valuable cellulosic component could be shipped to a
biorefinery and the recovered lignin to a separate or local facility for use. One potential
use for lignin so separated from the agricultural byproduct rice hulls is in asphalt binder
to improve its asphalt’s resistance to aging. Arafat et al. (2019) have found improved
asphalt binder properties with replacement of petroleum-based asphalt binder with lignin
from rice hulls separated using deep eutectic solvents (DES) [89].
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DES are alternate solvents for environmentally-friendly biomass deconstruction.
Many DES are biocompatible and nontoxic, while also having low volatility and a wide
liquid range. They are also biodegradable and non-flammable [12]. Preparation of high
purity DES is relatively simple and the starting materials are low cost and easily
procured, compared to most ionic liquids, which are other low volatility solvents. Most
DES do not deactivate enzymes, which makes them advantageous in biomass conversion
[90]. They have low sensitivity to water content, allowing their use with undried biomass,
which can have a high moisture content [12]. Drying biomass can be costly and high
moisture content biomass is expensive to transport [13].
Comprised of a homogeneous mixture of solid-phase chemicals, a eutectic system
forms a joint super-lattice at a certain molar ratio that is called the eutectic composition.
The eutectic melting temperature at this composition is a temperature lower than the
melting points of each of the components. The “deep” in DES refers to the fact that the
melting point curve has an unusually deep crevice at the eutectic point, because the
eutectic temperature is quite a bit lower than the melting points of the pure components.
While ionic liquids have ionic bonding, DES are created with hydrogen bonding [91].
Some DES can solubilize lignin well, but only disrupt the cellulose without
dissolving it, suggesting that DES pretreatment could prepare recalcitrant biomass for
further saccharification. DES that have this property include mixtures of lactic acid and
betaine; lactic acid and choline chloride; formic acid and choline chloride; and lactic acid
and proline [12].
For use in deconstruction, DES are biodegradable, have low volatility, and are
low-cost. Lynam et al. (2017) have found that the density of a DES pretreated loblolly
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pine sample was increased by 40% compared to the untreated biomass. Shipping a more
dense, cellulose-concentrated product to a biorefinery would decrease the need for
storage space. DES have been used on wheat straw for lignin removal [12, 20, 92]. The
DES choline chloride:formic acid, in a 1:2 molar ratio, displayed excellent performance
in the pretreatment of corn stover by removal of hemicellulose and lignin [20].
Alessandra et al. (2018) has investigated DES pretreatment of apple residues, potato
peels, coffee silverskin, and brewer’s spent grains [93]. While these byproducts from
food processing can be used as animal feed, they have potential to be used to produce
fermentable sugars [94, 95]. Corn cobs have also been treated by DES, by Zhang et al.
(2016), giving improved delignification and enzymatic hydrolysis efficiency [14]. Zhang
et al. (2017) found that DES could extract polysaccharides using ultrasound treatment
from Chinese yam, known to be a health supplement [96]. Kumar et al. (2016) found that
rice straw could be treated with choline chloride based DES to increase saccharification
with enzymes, which were not significantly affected by the presence of the DES [97].
Kumar et al. (2016) also were able to generate pure lignin from rice straw and found a
slight reduction in cellulose crystallinity from XRD with DES treatment [98]. Hou et al.
(2017) used choline chloride DES on rice straw and reported xylan removal [99].
Kandanelli et al. (2018) worked with rice straw and rice husks using a combination of
butanol with DES and reported that up to 49% delignification could be achieved [100].
Rice straw can be used for animal feed and is a primary agricultural residue, meaning that
it must be transported from fields for use [101]. Palm oil trunk fibers are another primary
residue that has been investigated by Zulkefli et al. (2017). These researchers reported
that the DES ethylammonium chloride: ethylene glycol was effective in removing lignin
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and hemicellulose from palm oil trunk fibers [102]. Corn stover, another primary
agricultural residue, was subjected to DES treatment by Xu et al. (2016). These
researchers found that choline chloride: formic acid DES was effective at removing lignin
and xylan from the stover [103].
We have not found data for rice hulls treated with DES alone available in the
literature. This work has investigated the separation of the cellulosic component from
lignin in rice hulls using DES.
If DES are to be used in secondary agricultural residue pretreatment, methods
must be developed to increase the temperature to promote the bond-breaking reaction that
permits separation of lignin from biomass. The standard method of conduction (e.g. a hot
plate) can be used in this pretreatment [9, 12, 20]. Convection (e.g. a drying oven) can
also be used to heat the biomass-DES mixture [92].
An alternative method to promote the pretreatment reactions is using microwaves.
Ionic liquids have been used with microwave pretreatment to perform pretreatment of
eucalyptus [104]. Liu et al. (2017) were able to effectively cleave lignin-carbohydrate
bonds for poplar wood flour with DES using a microwave pretreatment [105].
3.1.1

Objective

This work attempts to compare DES pretreatment of rice hulls with conductive
heating to that with microwave heating. The glucose yield from enzymatic hydrolysis of
the original and pretreated biomass, as well as FTIR results from these and the precipitate
from the DES, are described. Differences in time of pretreatment and energy
consumption from pretreatment are also discussed.
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To achieve this goal following specific objectives were accomplished:
•

Fully characterized pretreatment products

•

Hydrolyzed carbohydrate product to determine sugar yields

•

Optimized DES pretreatment process conditions

•

Found out the more energy efficient method for biomass pretreatment
3.2

3.2.1

Materials and Methods

Materials

Louisiana-harvested rice hulls were generously donated by Falcon Rice Mill
(Crowley, La, USA). Formic acid (95%) was obtained from DudaDiesel (Decatur, AL).
Formic acid (reagent grade, <95%), choline chloride (98%), cellulase (powder) from
Trichoderma reesei ATCC 26921, hemicellulase (powder) from Aspergillus niger, and
cellobiase(liquid) from Aspergillus niger were purchased from Sigma-Aldrich (St. Louis,
Missouri). Sodium citrate dehydrate, 99.0% and sodium azide 99% min, were purchased
from Alfa Aesar (Ward Hill, MA, USA).
3.2.2
3.2.2.1

Methods
Synthesis of DES

The synthesis of DES was carried out by mixing formic acid and choline chloride
in a 2:1 mole ratio, followed by vortexing and placing in an orbital shaker at 200 RPM at
60 ˚C for 20 minutes. If a cloudy solution was obtained, shaking the mixture was
continued for an additional 20 minutes at 60 ˚C. Once a homogeneous and transparent
solution was obtained with no evidence of solid particles, the solution was then stored at
room temperature. Karl-Fischer titration showed the percentage of water in the DES to be
6.81%.

41
3.2.2.2

Conductive Heating Pretreatment of Rice Hull Biomass with DES
Rice hulls were dried at 105 ˚C for 24 h and milled to mesh 14-28 (1.168-0.589

mm in diameter) before undergoing DES pretreatment. A rice hull concentration of 9.1
wt% (3 g of dry rice hulls and 30 g of FA:CC in a flask for a 1:10 mass ratio) was used
for pretreatments. The flask was immersed in an oil bath heated by a hot plate with
magnetic stirring. The temperature control of the hot plate kept the oil bath within 2 ˚C of
the desired temperature. The flask was connected to a condenser to return as liquid the
vapor from the slightly volatile DES, so that the solvent volume was kept constant.
Standard errors for results are reported from 5 replicates of the 155 ˚C, 2 h experiments.
Energy required per hour for conductive heating was 0.139 kW-h for 145 ˚C experiments,
0.157 kW-h for 155 ˚C experiments, and 0.180 kW-h for 165 ˚C experiments.
3.2.2.3

Microwave Heating Pretreatment of Rice Hull Biomass with DES
Rice hulls were also pretreated in a microwave unit and the results were compared

with conventional heating. Dried and milled rice hulls (3 g) were mixed with 30 g of
FA:CC DES. The mixture was heated in a fully controlled Ethos EZ microwave digestion
unit (Milestone Inc. Shelton, CT, USA) with a maximum power of 1.6 kW. The mixture
was added to 100 mL (maximum volume) Teflon sample holders. The sample holders
were rotating at a central axis of a carousel to ensure temperature uniformity. The beakers
were placed in a pressurized Teflon unit with maximum pressure of 10 bar. Teflon
magnetic stir bars were placed in each beaker for continuous stirring. The sample
temperature inside the unit was monitored using a fiber optic temperature probe. Standard
errors for results are reported from 4 replicates of the 155 ˚C, 30 min experiments.
Energy required per hour for microwave heating was 0.160 kW-h for 145 ˚C
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experiments, 0.196 kW-h for 155 ˚C experiments, and 0.243 kW-h for 165 ˚C
experiments.
The pretreatment of rice hull with DES was conducted at three different
temperatures: 145, 155, and 165 ˚C each with three different times: 1, 2, and 3 h for
conductive heating and 20, 30, and 40 min for microwave heating. After microwave
pretreatment and conductive pretreatment, the procedures in sections 3.2.2.4 through
3.2.2.7 were followed.
3.2.2.4

Separation and Filtering of Biomass and DES
Vacuum filtering with a coarse nylon net filter separated solid rice hull residue

from DES. The pretreated rice hull residues were then magnetically stirred with 70 ml
deionized (DI) water at 50 ˚C for 20 minutes to remove DES remaining on the residues.
The DI water was decanted, and the rinsing process was repeated for another 20 minutes
at 50 ˚C. Finally, the water rinsing process was repeated for another 24 h at 50 ˚C to
ensure the complete removal of the DES. A 0.45 µm nylon filter was used to separate the
pretreated rice hull from water by vacuum filtering. The pretreated rice hulls were dried
in an oven at 105 ˚C for 24 h prior to weighing.
3.2.2.5

Enzymatic Hydrolysis
Raw and pretreated rice hulls were dried for 24 h at 105 ˚C in a drying oven.

Samples of raw and pretreated rice hulls of 0.1 g were placed in a vial with 5 ml of pH
5.05 sodium citrate buffer, followed by 100 µl of a 2% sodium azide solution and DI
water was added to give a total volume of 10 ml, as described in NREL’s enzymatic
Saccharification of Lignocellulosic Biomass LAP 009 protocol (Selig et al., 2008).
Cellulase, hemicellulase, and cellobiase were added at a concentration of 5, 14, and 50
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units per 0.1 g sample respectively. Samples were placed in an orbital shaker at 200 RPM
at 50 ˚C. Aliquots were taken at 24, 48, and 72 h, underwent filtration through a 0.45 µm
syringe filter, and were stored at 4 ˚C prior to analysis.
3.2.2.6

Glucose Analysis
A YSI 7100 MBS (multiparameter bioanalytical system from YSI Life sciences)

with a system buffer (YSI 2357), calibrator standard, YSI 7147 (1.80 g/l glucose), was
used to measure the glucose concentrations in the enzymatic hydrolyzed samples. Results
reported for glucose yield are those analyzed directly by the YSI without any further
dilution of the samples.
3.2.2.7

Fourier Transform Infrared Spectroscopy (FTIR)
A Mattson Genesis II FTIR (Mattson Technology, Fremont, Ca, USA) with a

KBR Pellet holder was used to perform FTIR on KBr pellets prepared containing the
samples. For each sample, 32 scans were performed from 4000 to 400 cm-1. FTIR
analysis was performed on both raw and pretreated samples, as well as the precipitate
formed from ethanol addition to the used DES.
3.2.2.8

NREL Fiber Analysis
For raw and pretreated rice hull samples, fiber analysis was carried out using

NREL’s Determination of Structural Carbohydrate and Lignin in Biomass Laboratory
Analytical Procedure 2008 protocol [106]. An Ultimate 3000 HPLC (ThermoFisher
Scientific, Waltham, MA, USA) equipped with refractive index detector and Aminex
HPX-87P column from Bio-Rad was used for sugar analysis in hydrolyzed samples using
the HPLC method described in the above-mentioned protocol. It should be noted that
neither this fiber analysis method nor any other is considered to be completely valid for
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biomass with greater than 10 % ash, such as rice hulls. The central condition (155 °C and
intermediate time) was used to compare the conductive and microwave pretreated rice
hulls to unpretreated rice hulls.
3.2.2.9

X-ray Diffraction (XRD)
The cellulose crystallinity of raw and pretreated rice husk samples was measured

using Bruker D8 Discover diffractometer (WI, USA). The rice husk sample was placed
on Bragg-Brentano geometry optics on a flat plate sample holder. Copper kα radiation, 40
kV of voltage, 40 mA of current and a 2Ɵ continuous scan from 3° to 60° were applied.
XRD analysis was performed on conductive and microwave samples pretreated at the
central condition (155 °C and intermediate time), as well as unpretreated rice hulls. A
Crystallinity Index (CI) was calculated as the peak area of the crystalline peak centered at
a 2Ɵ of 22° divided by the combined peak areas of all peaks (at 2Ɵs of 16°, 22°, and 35°)
[107].
3.3
3.3.1

Resulta and Discussions

Glucose Yields Change with Time and Temperature

Table 3-1 shows the glucose yields from various temperatures and times of
pretreatment in FA:CC 2:1 after 72 hours of enzymatic hydrolysis.
3.3.1.1

Glucose yields change with time and temperature – conductive heating
For conductive heating, pretreatment at 145 °C for 2 h gave the highest glucose

yield compared to the other temperatures and times (Table 3-1). Enzymatic hydrolysis of
unpretreated (raw) rice hulls gave a much lower glucose yield than any of the pretreated
rice hulls. Since all pretreatment conditions gave similar mass yields, the highest amount
of the product glucose could be obtained using 145 °C and a 2 h pretreatment time. Since
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a shorter reaction time is preferable to a longer reaction time, and more glucose was
produced after 2 h of pretreatment, a 2 h at 145 °C pretreatment would be optimal for
conductive heating.
Table 3-1 Glucose yields; and the vibration area ratios from FTIR for different
experiments temperatures and times.

T (°C)

time (min)

Glucose
yield
(g/L)

Ratio
cellulose:lignin
vibration areas

Ratio amorphous
cellulose:
crystalline cellulose
vibration areas

Conductive heating
145
60
4.58
3.41
3.28
145
120
5.28
3.33
7.47
145
180
4.82
2.61
2.05
155
60
3.94
2.79
4.68
155
120
4.34
3.04
4.04
155
180
4.15
3.52
3.96
165
60
4.24
2.99
7.66
165
120
3.87
2.64
1.68
165
180
4.66
2.01
2.91
Microwave heating
145
20
3.88
2.40
4.31
145
30
4.59
2.68
3.53
145
40
4.47
3.64
12.13
155
20
4.35
2.75
2.75
155
30
4.03
3.20
5.80
155
40
3.97
3.22
3.94
165
20
4.77
2.75
5.73
165
30
4.01
2.11
5.31
165
40
5.06
2.52
7.44
No pretreatment
0.03
0.80
2.25
Values are averages for replicated samples. Standard error for the central condition
155 °C, 120 min conductive sample, replicated 5 times, for glucose yield is 0.36
g/L.
3.3.1.2

Glucose Yields Change with Time and Temperature – Microwave Heating
Table 3-2 shows the glucose yields from various temperatures and times for

microwave pretreatment in FA:CC 2:1 after 72 hours of enzymatic hydrolysis. For 30
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min of pretreatment, a temperature of 145 °C gave the highest glucose yield, while 155
°C and 165 °C pretreatments give lower glucose yield. However, at 165 °C, 20 min and
40 min of pretreatment gave higher glucose yields than 30 min. A monotonic increase or
decrease in glucose yield might be expected, rather than a minimum for 165 °C
pretreatment at 30 min. One explanation for this phenomenon is that more lignin can be
removed at the higher temperature and longer microwave time. The presence of lignin is
known to inhibit enzymatic hydrolysis [43, 108]. If lignin is more effectively solubilized
by the severity (higher temperature and longer time) of the 40 min 165 °C microwave
pretreatment, then enzymatic hydrolysis may give higher yields of glucose. Another
effect that can increase glucose yields from biomass with enzymatic hydrolysis is
conversion of crystalline “native” cellulose to amorphous “disordered” cellulose [109].
Amorphous cellulose is more available to enzymes, increasing the glucose yield.
The high glucose yield for the 40 min 165 °C microwave pretreatment may show this
effect, as confirmed by FTIR as described in section 3.2.2. The 30 min 165 °C
microwave pretreatment shows lower glucose yield. A possible explanation for this is
decomposition of amorphous cellulose without a high degree of conversion of crystalline
cellulose. The same trend is found for conductive heating at 165 °C, with 2 h showing a
minimum glucose yield. As discussed in the FTIR section 3.3.2.1, decomposition of
amorphous cellulose without a high degree of conversion of crystalline cellulose may
cause this effect.
3.3.2

FTIR Results

Table 3-2 shows vibrations identified in these spectra that are relevant to
cellulose, hemicellulose, and lignin. Table 3-1 has area ratios for selected vibrations. The
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ratio of the combined areas of the cellulose vibrations to those of the lignin vibrations can
give insight into the effects of the pretreatments. In addition, a grasp of the effects of
pretreatment on cellulose can be found from the ratio of the area of the amorphous
cellulose vibration to that of the crystalline cellulose vibration.
3.3.2.1

FTIR of Pretreated Rice Hulls – Conductive Heating Pretreatment
As seen in Figure 3-1, the FTIR spectra of pretreated rice hulls are different than

that of raw rice hulls. Table 3-2 shows vibrations identified in these spectra that are
relevant to cellulose, hemicellulose, and lignin. Overall, area for cellulose-related
vibrations increased in the pretreated samples compared to area for lignin vibrations,
compared to the same ratio for untreated rice hulls. Lignin in the hulls thus appears to be
removed by the pretreatment. For the conductive heating pretreatments, the vibration area
ratio of amorphous cellulose (896 cm-1) to crystalline cellulose (1415 cm-1) was greatly
increased by pretreatments compared to the same area for untreated rice hulls (Table 3-2).
This suggests that crystalline cellulose in the rice hulls is being disordered by the
pretreatment. Amorphous cellulose is more amenable to enzymatic hydrolysis [109] to
produce glucose. As seen in Table 3-1, the pretreatments increased glucose yields.
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Table 3-2 Wavenumber vibration assignments and references. 896, 1060, 1162, and 1425
cm-1 are cellulose-related peaks. 858, 1600, and 1718 cm-1 are lignin-related peaks.
Wavenumber Band Assignment

Reference

(cm-1)
858

C-H out of plane positions 2,5,6 of lignin
(guaiacyl) ring

[110]

896

C1−H deformation with a ring vibration
contribution for amorphous cellulose

[111]

1060

C-O stretching vibration for cellulose and
hemicellulose

[112]

1162

C-O-C vibration in cellulose

[112]

1425

Crystalline cellulose

[111, 113-115]

1515

Lignin aromatic ring skeletal stretch

[111]

1600

Lignin C=O stretching conjugated to the aromatic
ring, aromatic ring vibration

[116, 117]

1718

C=O stretching in unconjugated ketone, carbonyl
and ester groups related to lignin

[118]

The 165 °C for 2 h pretreatment shows somewhat lower area ratio for cellulose
vibrations: lignin vibrations, compared to 1 and 3 h 165 °C pretreatment. This particular
pretreatment also gave lower glucose yields. One possible explanation is that amorphous
cellulose is decomposed by this relatively severe condition, but more of the crystalline
cellulose is not sufficiently disordered to compensate for the loss of amorphous cellulose.
The 1 and 3 h 165 °C pretreatments show a higher ratio for amorphous vibration
area/crystalline vibration area, compared to the 2 h pretreatment. The 1 h 165 °C
pretreatment may not decompose amorphous cellulose, while the 3 h 165 °C pretreatment
may disorder more of the native cellulose, as suggested by lower cellulose vibration area
for cellulose-related peaks, compared to lignin. Mass yield for the 165 °C for 2 h
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pretreatment was also slightly (~5%) lower than for the other 165 °C treatments.
Recondensation of dissolved lignin precipitating from solution is one possible reason that
mass yield was higher for the 3 h 165 °C pretreatment compared to the 2 h 165 °C
pretreatment. Donohoe et al. (2008) has found lignin droplets to form with
thermochemical pretreatment of biomass [119]. Such recondensation may not block
enzymatic hydrolysis but would decrease the cellulose to lignin ratio. As shown by Table
3-1, the cellulose to lignin vibration area ratio is low for the 3 h 165 °C pretreated
biomass, which would suggest that recondensed lignin droplets may have adhered to the
biomass surface.

Raw rice hulls

Microwave heating

Conductive heating

896
858

1060

1162

1425

1515

1600

1718

A.U.

Rice Hulls

Wavenumber (cm-1)
Figure 3-1: FTIR Spectra of Untreated and DES Pretreated (145 ˚C, 2 h conductive or
0.5 h microwave) Rice Hulls. Solid line is Untreated Rice Hulls, dotted line is microwave
DES Pretreated Rice Hulls (pretreated at LSU), dashed line is conductively DES
Pretreated Rice hulls (pretreated at LaTech).
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3.3.2.2

FTIR of Pretreated Rice Hulls – Microwave Heating Pretreatment
As seen in Figure 3-2, the FTIR spectra of the microwave pretreated samples

show similar trends to those of the conductively pretreated samples. The ratio of the
cellulose-related vibrations area to lignin vibrations area for the samples pretreated at 165
°C and the 30 min time (corresponding to 2 h conductive treatment) is low, just as was
seen for the 2 h conductive treatments. This particular condition also showed lower
glucose yields compared to pretreatment for longer or shorter times at 165 °C. Compared
to the 20 min 165 °C pretreatment, mass yield for the 30 min 165 °C pretreatment was
~10% lower. As described in the previous section 3.3.2.1, more amorphous cellulose may
be decomposed by this severe condition. The 30 min 165 °C pretreatment also showed a
smaller ratio for amorphous vibration area/crystalline vibration area, compared to that of
the 20 min 165 °C pretreatment. This again suggests amorphous cellulose has been
decomposed at this more severe condition.
3.3.2.3

FTIR of the Precipitate from the Spent Deep Eutectic for Conductive Heating
Table 3-3 shows the area ratios for cellulose vibrations: lignin vibrations for the

precipitates from the spent DES. These are all lower than the same area ratio for the
untreated rice hulls, thus they are higher in lignin. The 2 h pretreatments showed the
lowest cellulose to lignin area ratios, suggesting that this time is optimal for obtaining
lignin that is purer (except for 145 °C, where the two shorter times give similar results).
The 3 h pretreatments tended to give higher area ratios, suggesting that more of the
cellulosic component had been solubilized, along with lignin.
The vibration band for amorphous cellulose (896 cm-1) was essentially absent for
the spent DES precipitate samples. Apparently, either little amorphous cellulose was
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dissolved from the biomass by DES pretreatment or amorphous cellulose was not
precipitated from the spent DES by ethanol.
Raw rice hulls
Conductive heating

Microwave heating

896
858

1060

1162

1425

1515

1600

1718

A.U.

EtOH Precipitate

Wavenumber (cm-1)
Figure 3-2: FTIR Spectra of Material Precipitated by Ethanol from the DES after Rice
Hull Pretreatment at 145 ˚C, 2 h conductive or 0.5 h microwave. Solid line is Untreated
Rice Hulls, dotted line is material precipitated from DES after microwave pretreatment
(pretreated at LaTech).
As seen in Figure 3-2, a new vibration not detected in unpretreated or pretreated
rice hulls is detectible in the spent DES precipitate samples. A vibration for C-H out of
plane positions 2,5,6 of the guaiacyl ring (858 cm-1) was prominent in all spent DES
precipitate samples [110]. Presumably, this vibration was masked by larger vibrations
that relate to cellulose in untreated rice hulls. Its presence suggests that lignin has been
precipitated from the spent DES.
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Table 3-3 Precipitate from spent DES after pretreatment
Pretreatment conditions
T (°C)

time (min)

Ratio cellulose:lignin
vibration areas

Conductive heating
145
60
0.32
145
120
0.34
145
180
0.48
155
60
0.43
155
120
0.35
155
180
0.53
165
60
0.35
165
120
0.29
165
180
0.41
Microwave heating
145
20
0.42
145
30
0.48
145
40
0.50
155
20
0.35
155
30
0.43
155
40
0.40
165
20
0.39
165
30
0.41
165
40
0.45
No pretreatment
0.80
Values are averages for replicated samples. Standard error for the ratio is 0.02.
3.3.2.4

FTIR of the Precipitate from the Spent Deep Eutectic for Microwave Heating
Microwave heating also gave lower area ratios for cellulose vibrations: lignin

vibrations for the precipitates from the spent DES compared to the untreated or pretreated
biomass. Little difference could be seen for the different time periods of heating,
although a trend towards higher cellulose to lignin ratio with longer time may be
discernable. Cellulose: lignin vibration areas tended to be higher than those found for 1
and 2 h conductive heating. These findings suggest that the reactions that separate lignin
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from cellulose may be sequential, requiring a longer time than that used for microwave
pretreating. Nevertheless, the differences are slight.
As found for conductive heating, no vibration band for amorphous cellulose (896
cm-1) was seen in the precipitate spectra. The same prominent vibration for C-H out of
plane positions 2,5,6 of the guaiacyl ring (858 cm-1) that was seen for conductive heating
was found for all the spent DES precipitate samples from microwave pretreating (Figure
3-2). Further investigation into the characteristics and possible uses of this lignin-rich
product should be pursued.
3.3.3

Changes in Cellulose and Lignin Content from Pretreatment as measured by

Fiber Analysis
As can be seen in Figure 3-3, the cellulose content of the rice hulls pretreated at
the central temperature and time conditions increases compared to the raw rice hulls for
both the conductive and microwave pretreatments. Also, for these pretreatments, lignin
content decreases compared to the raw rice hulls. Thus, the results from the FTIR
analysis are confirmed by fiber analysis. Delignification of 45% was found for
conductive heating and 36% for microwave heating. The slightly higher delignification
found for conductive heating may be due to the longer time period involved. Since no
other studies have been performed with DES alone on rice hulls, which are an unusual
biomass, these results cannot be compared with other studies.

54
60
Cellulose

% Composition

50

Lignin

40
30
20
10
0
Microwave heating Conductive heating
pretreated
pretreated

Raw rice husk

Figure 3-3: Cellulose and lignin content from pretreated and raw rice husk as measured by
fiber analysis for the central condition of 155 °C and 2 h for conductive heating and 0.5 h
for microwave heating.
3.3.4

XRD of the Conductive and Microwave Pretreated and Raw Rice Hulls

Figure 3-4 shows the XRD of conductive and microwave pretreated rice hulls,
along with unpretreated rice hulls. The crystallinity index for conductive heating was
90.3% and for the microwave heating was 90.2%, while for unpretreated rice hulls it was
94.4%. The reduction in crystallinity index suggests that crystalline cellulose became
disordered by the pretreatments.
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Figure 3-4: XRD of raw and pretreated rice hulls for the central condition of 155 °C and
2 h for conductive heating and 0.5 h for microwave heating.
3.3.5

Energy Consumption and Comparison

For this study, 20 min of microwave heating time was considered to be
comparable to 1 h of conductive heating time, 30 min comparable to 2 h, and 40 min
comparable to 3 h. These durations were chosen as a result of the experience of Dr.
Boldor’s research team in microwave pretreatment [120]. Table 3-4 compares the energy
requirements for conductive and microwave pretreatments.
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Table 3-4 Energy used per experiment for each temperature and time
T (°C)
Conductive heating
145
145
145
155
155
155
165
165
165
Microwave heating
145
145
145
155
155
155
165
165
165

time (min)

Energy used (kW-h)

60
120
180
60
120
180
60
120
180

0.14
0.28
0.42
0.16
0.31
0.47
0.18
0.36
0.54

20
30
40
20
30
40
20
30
40

0.05
0.08
0.11
0.07
0.10
0.13
0.08
0.12
0.16

As can be seen in Table 3-4, for comparable heating, the microwave experiments
required less than half of the energy required for conductive experiments. In addition,
microwave pretreatments were much shorter in duration. Anyone who has made a cup of
tea using a microwave and using a stove should not be surprised at the lower amount of
time required for the microwave experiments. DES are electric dipoles, similar to water
in that they have a slight positive charge in one part and a slight negative charge at
another. The molecules therefore rotate as they try to align themselves with the
alternating electric field of the microwaves. Rotating molecules strike other molecules
and causing them to move, thus dispersing energy. This energy raises the temperature of
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the solvent, in a process similar to heat transfer by conduction. However, the movement
of individual molecules may enhance penetration of solvent into biomass pores and
provide energy to activate the lignin bond breaking required for lignin solvation.
Less waste heat is also generated by microwaves since the heat source is inside
the solvent molecules, rather than being external. For conductive heating, the heat
gradient outside the hotplate on the noncontact sides also causes heat loss that does not
heat the solvent. If adapted for industrial purposes, low temperature steam at 180 °C
might be sufficient to heat such a process, thus the higher cost of using electric energy
could be avoided. Nevertheless, using microwave technology allows a reduction in
residence time of biomass for the process. Such an advantage should encourage further
investigation into its use to perform the lignin –cellulose separation using DES.
3.4

Conclusions

Deep eutectic solvents can be used at relatively low temperatures and pressures to
deconstruct rice hulls into cellulose-rich and lignin-rich products. The cellulose-rich
product, which now contains disordered amorphous cellulose, can be enzymatically
hydrolyzed to produce glucose. With DES pretreatment, up to 100 times more glucose
can be obtained with enzymatic hydrolysis compared to untreated rice hulls. The ligninrich product has potential to be used in asphalt binders to improve aged asphalt
properties. Using microwaves for heating in DES pretreatment gives similar results to
conductive heating and requires less time and energy.

USE OF BIOMASS ASH FOR DEVELOPMENT OF ENGINEERED
CEMENTITIOUS BINDERS†

4.1

Introduction

CO2 emission due to clinker production for Ordinary Portland Cements (OPC) is
considered to be a major environmental issue [122]. Due to these concerns, the cement
industry is searching for recycled materials that can partially substitute the clinker or the
cement itself to reduce and control the greenhouse-gas emission. Coal fired fly ash, silica
fume, ground granulated blast furnace slag, volcanic ash, bauxite, metakaolin, etc., are
the commonly used supplementary cementitious materials (SCMs) used alongside the
OPC.
Stringent restriction by ASTM C 618 on use of type and composition of fly ash
has led to a decrease in usage of fly ash in concrete [123]. In addition, the limited
availability of fly ash and depletion of coal in the United States has initiated a need to
look for agricultural and bio-wastes for cement applications. The portion of fly ash
produced that is permitted for use in concrete is in rapid decline due to issues such as cofiring fuels with coal and injecting a variety of materials for emission control [124].

†

This chapter or portions thereof has been published previously in the Journal of ACS Sustainable
Chemistry and Engineering under Chapter 4’s title 121.
Kumar, N., et al., Use of biomass ash for
development of engineered cementitious binders. ACS Sustainable Chemistry & Engineering, 2018. 6(10):
p. 13122-13130.. (2018), DOI: https://doi.org/10.1021/acssuschemeng.8b02657 The current version has
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Increased residual carbon content and organic contaminants in fly ash reduces the
marketability of this waste product as an SCM in concrete [125].
Exclusive combustion or co-combustion of waste biomass with coal fly ash has
become a viable option for renewable and environmentally-friendly energy production
[125, 126]. It is widely accepted that renewable energy generates almost zero net
greenhouse gas emissions, a property inherent in the fact that the CO2 emitted must first
be taken in from the atmosphere [127]. When taking into consideration the positive
environmental externalities of biomass combustion or co-combustion for energy, mixing
of biomass with coal in typical combustion processes is a relatively inexpensive
procedure. Thus, biomass ash usage in concrete is a particularly appealing option for
power plants and the cement industry.
Rice husks, an underutilized resource, are considered secondary agricultural
residues because they are removed from the rough grain at a processing center. After the
grain is transported for processing, the husks, which are ~20% of the grain, are removed.
Rice husks are difficult to compost, because of their high carbon:nitrogen ratio and their
outer opaline cellulose-silica membrane [128]. Vast quantities of rice husks are disposed
of in landfills, dumped into streams, or burned in open fields, polluting the environment
[21, 129]. However, controlled combustion of rice husks can give a 20% yield of rice
husk ash (RHA), as well as provide renewable energy from this waste product [3].
Pozzolans are materials that contain silica or alumina and can react with water
and calcium hydroxide to become glue-like [130]. The reactions (Eq. 4.1 and 4.2), are
given below:
OPC + H2O → C-S-H (“Glue”) + Ca(OH)2

Eq. 4-1
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Ca(OH)2 + Pozzolan + H2O → C-S-H (“Glue”)

Eq. 4-2

This C-S-H is typically given an arbitrary formula of 3CaO·2SiO2·3H2O. Thus in
cement terminology, C in the reactions above means CaO and S means SiO2, while H
(hydrate) means H2O. C-S-H is the cement binder that holds aggregate together to form
concrete. For concrete based applications replacing small percentages of cement with
RHA, a highly reactive pozzolan, can enhance the microstructure of the interfacial
transition zone (ITZ), improve the strength and corrosion resistance properties, reduce
chloride penetration, and decrease permeability [131]. Controlled combustion produces
amorphous silica in RHA that reacts with Ca(OH)2 during the hydration of the cement to
enhance long-term compressive strength [21, 22]. RHA has been claimed to be superior
to other supplementary materials like silica fume and fly ash [23]. RHA contains high
silica content along with significant amorphous material, which is thought to get involved
in the pozzolanic reaction. Furthermore, Mehta and Folliard [23] showed that inclusion of
RHA in OPC provided substantial resistance to alkali silica reaction (ASR), acid attack,
and frosting when compared to OPC specimens. In addition, RHA has shown enhanced
synergistic properties when combined with other nanoparticles, such as nano-silica [24].
The present work has investigated micro and macro properties of cementitious
materials with OPC replaced with RHA alone and with RHA combined with coal fly ash
(CFA), silica fume (SF), nano-silica (NS), and metakaolin (MK). Mechanical properties
of 28 day cured samples were examined using a compressive strength test. A multi-scale
approach was used to investigate the microstructural production formation: X-ray powder
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to identify the
specific phases present in the cement samples. Back Scattered Electron (BSE)
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microscopy was used to investigate magnified images and topographical information for
the polished samples, and Energy Dispersive Spectrum (EDS) mapping was performed to
examine the elemental composition of the specimens. Pore structure studies were
performed on hardened cement paste samples via the nitrogen adsorption technique.
4.2
4.2.1

Materials and Methods

Materials

Type I OPC was the primary binder, while rice husk ash, Class F fly ash. and
nano-silica were used as additives for preparing cement paste. Rice husks were obtained
from Falcon Rice Mill located in Baton Rouge, Louisiana. They were combusted at 260
°C for 4 h to produce black ash and then combusted at 575 °C for 24 h to obtain white
RHA. Class F fly ash was procured by Headwater Resources, Taylorsville, Georgia. The
nano-silica powder for this work was obtained from Elkem Company located in Oslo,
Norway. The chemical oxide composition was obtained via XRF, and particle size
analysis was measured using a laser based particle size analyzer for OPC, Class F fly ash,
RHA, metakaolin (MK), silica fume (SF), and NS as shown in Table 4-1 of the
Supporting Information.
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Table 4-1 Chemical oxide composition and particle size of OPC, class F fly ash, silica
fume, rice husk ash and nano-silica
Chemical Composition (mass % of oxide)
Binder
Type

CaO

OPC

SiO2

Al2O3

Mean
Particle
Size

MgO

SO4

TiO2

K2O

Fe2O3

Na2O

MnO

SrO

62.27 16.63 3.63

1.22

3.91 0.24

0.61

3.28

0.34

0.06

0.07 12.73
μm

CFA

3.82

61.72 19.07

1.57

0.25 2.44

1.27

9.22

0.68

-

-

SF

1.20

85.50 1.61

1.40

0.40 <0.05 0.65

1.89

0.43

0.01

0.01 12.05
μm

RHA

0.66

94.03 0.77

0.58

0.4

1.69

0.05

0.42

0.17

-

6.17 μm

MK

-

51.0

< 0.10

<0.5 <3.0

<0.4

<2.20

<0.05

-

-

4.5μm

NS

-

99.45 0.08

-

-

-

< 0.1

0.44

-

-

40 nm

44.0

-

-

38.50
μm

OPC = Ordinary Portland Cement; CFA = Coal Fly Ash; SF = Silica Fume, RHA = Rice Husk Ash; NS =
Nano Silica; MK = Metakaolin

4.2.2
4.2.2.1

Methods
Mixing and Curing

The mix design combinations using OPC, RHA, NS, MK, SF, and FA are shown
in Table 4-2. The objective of this mix design was to examine the effectiveness of SCMs,
especially RHA with OPC. In addition to RHA we used NS, MK, SF, and CFA to
investigate which combination would lead to maximum compressive strength. The
mixing of cement paste samples was performed as per American Society of Testing and
Materials (ASTM C-192) [132]. Table 4-2 of the Supporting Information shows the dry
mix combinations prepared prior to incorporating with water. A water to binder (w/b)
ratio of 0.35 was used for preparing the cement paste mixes. Cylindrical samples of
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cement paste 50 mm in diameter and 75 mm in length were prepared and water cured for
28 days at room temperature.
Table 4-2 Mix design combinations (in g) used for preparing 1400 g of hardened cement
paste samples
Binder

Nomenclature
OPC

Sample
1
1400

Sample
2
1330

Sample
3
1120

Sample
4
1092

Sample
5
1050

Sample
6
1050

RHA

__

70

70

70

70

70

CFA

__

__

210

210

210

210

Nano Silica
Silica Fume

NS
SF

__
__

__
__

__
__

28
__

__
70

__
__

Metakaolin
Total

MK

__
1400

__
1400

__
1400

__
1400

__
1400

70
1400

Ordinary
Portland
Cement
Rice Husk
Ash
Coal Fly Ash

4.2.2.2

Mechanical Testing
Compression testing delivers direct information on the bulk strength of the

specimen, which provides a direct insight into the characteristic property of the concrete
that is manufactured [133]. The specimens were subjected to a compression test as per
ASTM C 39 [134]. A loading rate of 0.20 MPa/sec was used for this testing. For a
cylindrical specimen, ASTM C 39 regulates 0.15-0.34 MPa/sec as the standard loading
rate [135].
4.2.2.3

X-ray Diffraction (XRD)
X-ray diffraction (XRD) was conducted using PANalytical X'Pert PRO using a

Cu Kα radiation nickel foil filter. The ground sample was placed on Bragg-Brentano
geometry optics on a flat plate sample geometry. A fixed divergence slit of 1/16 degree
was chosen to limit beam overflow on the samples at small angles of 2θ. Incident and
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diffracted-side Soller slits of 0.02 rad were used for this experiment. The X'Celerator
high-speed linear detector was used for the XRD experiments with an active length 2.122
degrees 2θ, a step size of 0.0167113 degrees 2θ, and a scan range from 4 to 90 degrees.
Semi-quantitative analysis was performed for the base raw material (MK, CFA, SF,
RHA, and NS) samples. Corundum was included as a standard for CFA and SF, while
ZnO was used for NS, MK, and RHA. High score plus XRD software from Pan
Analytical was used to carry out the semi-quantitative studies using Rietveld analysis.
The standard was included by 10% of weight of the total sample.
4.2.2.4

Backscattered Electron Spectroscopy (BSE) imaging and Energy Dispersive
Spectrum (EDS) Analysis
Back Scattered Electron (BSE) imaging was performed on polished samples to

examine the effects of RHA and other additives on the structure and chemistry of the
cementitious matrix. For polishing, small fragments from the hardened cement paste
samples were epoxy impregnated and polished to 60 nm surface roughness. In BSE,
beam electrons are reflected from the sample via elastic scattering. The images created
can provide essential information about the distribution of various elements within the
sample. A field-emission scanning electron microscope (FE-SEM) by ZEISS was used to
carry out the BSE analysis. Energy Dispersive Spectrum (EDS) analysis was carried out
on these samples and the data was plotted using a ternary phase diagram.
4.2.2.5

X-ray Photoelectron Spectroscopy (XPS)
The XPS analysis was performed with an XPS system using a monochromatic Al

Kα radiation (1486.6 eV) with a spot size of 200 μm. The spectra acquisition and
processing were carried out using a commercial software. The powdered sample was
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inserted on the sample holder using a double-sided adhesive backed Cu tape and then
introduced into the preparation chamber and degassed until the proper vacuum was
achieved. The samples were then transferred into the analysis chamber where the
vacuum was 8 × 10-9 mbar. The analysis was carried out using the following parameters:
pass energy of 187.85 eV, dwell time 50 ms and a step size of 0.8 eV.
4.2.2.6

Nitrogen Sorptiometry
Nitrogen sorptiometry experiments were performed on solid samples of hardened

cement paste weighing approximately 0.25-0.30 g. The samples were analyzed with a gas
adsorption system NOVA®-e Series Models 25 and 26 NovaWin/NovaWin-CFR by
Quantachrome instruments. The samples were weighed before and after the analysis.
Adsorption and desorption isotherms, pore size distributions, pore volume and surface
areas were calculated using the data from the nitrogen adsorption experiment. Surface
area (SA) was calculated by [136]:
𝑆𝐴 =

𝑊𝑚 𝑁𝐴𝑐𝑠
𝑀

Eq. 4-3

where Acs is the molecular cross-sectional area, N is the Avogadro’s number, Wm is the
weight of a mono layer of adsorbate, M is the molar mass (molecular weight) of the
adsorbate. Here, Wm is defined by
𝑃0
1 𝐶−1 𝑃
( )]
𝑊𝑚 = 𝑊 ( − 1) [ +
𝑃
𝐶
𝐶
𝑃0

Eq. 4-4

where, W is the weight of gas adsorbed at a relative pressure of P/P0, C is the BET
constant that indicates the energy of adsorption in the first adsorbed layer and
consequently its value suggests the magnitude of adsorbent/adsorbate interactions.
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4.3
4.3.1

Results and Discussion

Mechanical Testing

Evaluation of compression strength for mortars and concrete is a universallyaccepted technique that determines the bulk compressive strength of specimens. The
results of the compression test for the six different specimen types are shown in Figure 41. The OPC control showed the least strength of 55.95 MPa while all other combinations
prepared with SCMs had higher strengths. The increments of increase in compressive
strength by 12.1%, 13.9%, 20.2%, 11%, and 11.3% in relation to sample 1 (OPC) were
observed for samples 2 (OPC + RHA), 3 (OPC + RHA + CFA), 4 (OPC + RHA + CFA
+NS), 5 (OPC + RHA + CFA + SF), and 6 (OPC + RHA + CFA + MK), respectively.
The highest compressive strength of 67.33MPa after 28 days of curing was achieved by
sample 4 that had a combination of OPC, RHA, CFA, and NS. It is interesting to note
that inclusion of SF and MK to OPC + RHA + CFA led to a decrease in strength when
compared to sample 3 (OPC + RHA + CFA), sample 4 (OPC + RHA + CFA +NS) and
sample 2 (OPC + RHA). This clearly shows the benefit of adding agricultural RHA to
OPC, but to engineer the material for targeted strength we need to understand the
resulting phases and the pore structure of the hardened matrix.
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Figure 4-1: Compressive strength data on hardened cement paste samples after 28 days
of curing.
4.3.2

Nitrogen Sorptiometry

The nitrogen adsorption-desorption isotherms obtained for all specimens are
shown in Figure 4-2A. All adsorption-desorption isotherms obtained here are Type II
isotherms with hysteresis loops as per International Union of Pure and Applied Chemistry
(IUPAC). The hysteresis loop suggests open slit, parallel plates along with panel shaped
mesoporous pores [136]. The BET surface area for all specimens obtained using
equation (3) are shown in Figure 4-2B.
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Figure 4-2: (A) Nitrogen adsorption isotherm of hardened cement pastes after 28 days of
curing (B) BET surface area for these samples.
The BET surface area for sample 6 (OPC + RHA + CFA + MK) was the highest
with a value of 9.80 m2/g, while the OPC sample showed the least value of 5.32 m2/g.
When compared to OPC, all other specimens showed an increase in BET surface area,
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suggesting that inclusion of supplementary cementitious materials (RHA, CFA, SF, NS,
and MK) was beneficial in obtaining higher surface area values. The cumulative intruded
volume by nitrogen versus pore width for specimens cured after 28 days is shown in
Figure 4-3. Sample 5 (OPC + RHA + CFA + SF) had the highest cumulative intruded
pore volume (0.0521 cm3/g), while Sample 1 (OPC) had the least intrusion by nitrogen
gas. The intrusion values for the rest of the samples lie between these two samples. The
strength results show that OPC had the least strength compared to the rest of the samples,
which indicates that individual phases that are formed during hydration are playing a key
role in contributing to the strength. This finding implies that SCMs need to be carefully
selected and engineered before using them for concrete based applications.

Figure 4-3: Cumulative Intruded Volume vs pore width for 28 day cured samples.
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However, we must note that BET surface area obtained via nitrogen adsorption
cannot be used as a direct measure for evaluating the compressive strength since,
individual phases and interaction of these phases among themselves can influence the
strength and other mechanical properties such as Young’s modulus of the resulting
cementitious binder. Hence, in what follows we emphasize the need for a multi-scale
microstructural characterization of the phases that were developed due to inclusion of the
RHA and other additives to a Portland cement-based systems.
4.3.3

X-ray Diffractions (XRD)

Semi-quantitative XRD analysis was performed using Rietveld analysis for the
SCM samples OPC, RHA, MK, SF, CFA, and NS. As an example, Figure 4-4 shows the
analyzed XRD diffractogram of RHA using the Rietveld refinement method. The results
clearly demonstrate that RHA is 89% amorphous with minor traces of tridymite and
gibbsite. Here, ZnO was added as 10% of the weight of the sample. In Table 4-3 we
summarize the percentage of phases detected via Rietveld method for OPC, RHA, CFA,
SF, NS, and MK samples.
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Figure 4-4: XRD semi-quantitative analysis of Rice Husk Ash (RHA) using Rietveld
Analysis.
Table 4-3 Semi-quantitative XRD analysis for the base binder samples phases (in %).
Phases (%)

Zinc Oxide (Internal Standard)
Corundum (Internal standard)
Mullite
Tridymite
Gibbsite

Specimens
RHA

CFA

10 .0
-

10.0
4.6

SF

NS

MK

10.0

10.0

OPC

10.0

0.2
0.8

0.8

Anorthite Sodian

26.2

Quartz

10.2

Cristobalite

11.9
15.7

0.6

Illite

23.9

Kaolinite

25.5

Hatrurite

53.1

Larnite

10.2

Calcium Aluminum Oxide

0.7

Brownmillerite

8.3

Amorphous

89.0

49.0

74.3

89.2

28.1

27.7
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XRD diffractograms for all the specimens are shown in Figure 5. The OPC
sample showed traces of Portlandite 𝐶𝑎(𝑂𝐻)2 , which is a crystalline form of calcium
hydroxide, thenardite (𝑁𝑎2 𝑆𝑂4 ), ettringite [𝐶𝑎3 𝐴𝑙(𝑂𝐻)6 ∙ 12𝐻2 𝑂]2 ∙ (𝑆𝑂4 )3 ∙ 2𝐻2 𝑂]
and Calcium-Silicate-Hydrate (C-S-H). C-S-H is the primary binding phase (“glue”)
among Portland cements. It can be represented as in equations 1 and 2, or as
xCaO·SiO2·yH2O. The x stoichiometric coefficient is often 2 or 3, while the y coefficient
can vary with the state of hydration. Specimen 3 (OPC + RHA + CFA) formed a phase
known as plombièrite, 𝐶𝑎5 𝑆𝑖6 𝑂16 (𝑂𝐻)2 ∙ 7𝐻2 𝑂 or 14Å tobermorite. Plombièrite
indicates an amorphous gel and is the most hydrated member of the C-S-H (I) compounds
[137]. The readers should note that we are referring to 14Å tobermorite and this phase is
usually studied for its transformation at elevated temperatures. Between 80-110 ℃, 14 Å
tobermorite shrinks to 11 Å tobermorite, while at 300 ℃ it further reduces to 9 Å and
above 800 ℃ it recrystallizes to wollastonite [138].
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Figure 4-5: X-ray Diffraction Analysis showing the phases that were developed after 28
days of curing.
The inclusion of CFA led to an increased amount of alumina and thus formed
gismondine 𝐶𝑎2 𝐴𝑙4 𝑆𝑖4 𝑂16 ∙ 9(𝐻2 𝑂), which is commonly associated with a crystalline
form of Calcium-Alumino-Silicate-Hydrate (C-A-S-H) gel. Specimen 3
(OPC+RHA+CFA), specimen 4 (OPC + RHA + CFA + NS), and specimen 6 (OPC
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+RHA+CFA+MK) also showed traces of a gismondine phase. C-S-H (International
Centre for Diffraction Data (ICDD): 00-033-0306) was observed among all specimens
since OPC was the primary binder for these mixes. However, due to the inclusion of
SCMs in the crystal structure, chemical composition in terms of the calcium to silica ratio
changes. This may influence the growth in terms of dimensional changes. Hence,
advanced beamline techniques using X-ray Pair Distribution Function (PDF) and
synchrotron based XRD are required to examine the crystal structure due to the
complexity of the resulting C-S-H crystalline morphology because of the inclusion of
RHA with OPC.
To relate the phases to strength, C-S-H was the primary phase responsible for
strength gain among these samples but formation of C-A-S-H gel phases such as
gismondine may have contributed to increase strength. The inclusion of nano-silica led to
plombièrite, which helps initiate ultra-fine pore structure in the cement based matrix
[139]. Thus, bio-waste such as RHA when mixed with nano-additives (e.g. NS) can
contribute to strength-forming phases that lead to enhanced mechanical properties.
4.3.4

Backscattered Electron Spectroscopy (BSE) imaging and Energy Dispersive

Spectrum (EDS) analysis
A BSE image of sample 3 (OPC+ RHA +CFA) and elemental mapping for Na,
Mg, Al, Si, S, K, and Ca are shown in Figure 4-6 A and B. As an example, individual
elemental maps for Si, Al and Ca are shown in Figure 4-6 C, D and E, respectively.
Spherical morphology of unreacted fly ash is shown along with calcium hydroxide in
Figure 4-6A. To clearly identify the phases, the oxide composition was plotted using a
ternary phase diagram as shown in Figure 4-7.
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Figure 4-6: A) BSE micrograph of sample 3 (OPC+RHA +CFA), (B) Elemental analysis
obtained via EDS mapping for Na, Mg, Al, Si, S, K, and Ca. Elemental maps for (C) Si,
(D) Al, and (E) Ca.
From the ternary phase diagram (Figure 4-7) it is worth noting that inclusion of
CFA with RHA decreased the CaO content while increasing the Al2O3 content. This trend
was observed among specimens 2, 4, 5 , 6 , with specimen 6 (OPC + RHA + CFA + MK)
giving the highest ratio, while OPC specimen had the lowest. The increase in Al2O3
content with the decrease in CaO shows that low/medium calcium C-A-S-H gels are
forming that are contributing to higher strength phases. This signifies that inclusion of
SCMs leads to complex C-A-S-H gel formation with varied chemistry that influences the
mechanical properties of the resulting cement matrixes. In terms of CaO content analysis,
Sample 1 (OPC) and Sample 3 (OPC, RHA, CFA) had higher amounts of CaO when
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compared to the rest of the samples. This implies that samples containing medium CaO
content are showing higher strength phases. On the contrary, for sample 1 (OPC) and
sample 2 (OPC + RHA), where calcium contents were higher, the alumina may be
incorporated in the AFm phase [140]. Here, AFm represents a combination of (𝐴𝑙2 𝑂3 −
𝐹𝑒2 𝑂3 − 𝑚𝑜𝑛𝑜) phase with a general formula of [𝐶𝑎2 (𝐴𝑙, 𝐹𝑒)(𝑂𝐻)6 ] ∙ 𝑋 ∙ 𝑥𝐻2 𝑂, where
X represents one formula unit of a double charged anion [141]. Thus, a combination of
CFA with RHA is beneficial in terms of developing dense phases that contribute to
enhanced compressive strength.
Recent studies have shown that ternary phase diagram can be useful for analyzing
the crystalline phases of samples [142]. From Figure 4-7, we can relate the medium C-AS-H zone to the formation of Gismondine, while Plombierite is related to the C-S-H
phases, which were also detected via XRD analysis. Also, it must be noted that the
amorphous components of Al and Si take part in the pozzolanic reaction, thus quartz and
mullite components of total silica and alumina are not involved in the pozzolanic reaction
[143]. Hence, we have used XRD and XPS analysis to decipher the phase involvements
that are impacting the overall compressive strength of the samples.
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Figure 4-7: Bulk composition obtained via Energy Dispersive Spectroscopy (EDS)
analysis for all samples plotted via CaO–Al2O3–SiO2 ternary diagram AlO4 tetrahedra are
in burgundy color, and SiO4 tetrahedra are represented by grey color.
4.3.5

X-ray Photo-electron Spectroscopy (XPS)

XPS is a widely used technique for determining the chemical composition of
surfaces based on the photo-electric effect [144]. For XPS analysis, the binding energies
correlate with the electronegativity of the element in a cement sample. Figure 4-8 shows
the binding energies for electrons in different orbitals of the elements in the cement
binder. The orbitals shown are the 2p orbitals of Al+3, Si+4, and Ca+2 (Ca2P3), and the 1s
orbital of carbon. The differences in binding energies are small for the cement samples
with different additives. Nevertheless, the binding energies for the Si+4 2p orbital electron
can be seen to increase with decreasing Ca content. One explanation for this phenomenon
is that decreasing Ca content permits other positive ions to share space with the Ca+2 ion,
which affects the electronegative environment around the Si [145, 146]. Additionally,

78
minor changes in Ca2P3 suggest influence of magnesium on the calcium ions forming a
blend of Ca-Mg based zeolites. Furthermore, an increase in binding energy of Ca2P3 is
related to the lower coordination numbers indicating shorter Ca-O bonds suggesting that
calcium depleted phases form zeolitic phases [147].
The OPC, OPC + RHA, and OPC + RHA + CFA showed decreased values of Si+4
2p binding energy of 100 eV as compared to the rest of the samples. The decrease in Si
2p binding energy indicates increased calcium content that usually is associated with
additional C-S-H formation [147]. Thus, XPS data suggests that inclusion of RHA and
other SCMs helps to form additional C-S-H along with complex zeolitic phases. For this
reason, careful consideration has to be given when selecting additives along with RHA
for developing dense and durable cement binders.

Figure 4-8: X-ray Photo electron spectroscopy (XPS) spectra showing (A) Al+3 2p, (B)
Si+4 2p, (C) Ca+2 2p (Ca2P3) and (D) carbon (C) 1S.
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Compared to the control sample, the compressive strength and BET surface area
of cement paste were increased significantly when OPC was replaced with RHA alone
and with RHA combined with CFA, NS, and SF. In particular, the incorporation of RHA
along with CFA and NS gave the highest compressive strength. This can be explained by
the pozzolanic reaction, when the amorphous silica in RHA gets in contact with Ca(OH)2,
which is released from the hydration of cement paste to form additional C-S-H (reactions
1 and 2). The inclusion of CFA with OPC and RHA decreased the CaO content, while
promoting Al incorporation into C-S-H to give a C-A-S-H gel phase. C-S-H was the
primary phase for strength gain among these samples, but formation of the gismondine,
crystalline form of C-A-S-H may also have contributed to increased compressive strength
due to the increased amount of alumina from CFA. In addition, incorporation of nanosilica led to formation of plombièrite, which may have contributed to the densification of
the cement paste. Consequently, a higher compressive strength was obtained because of
the synergistic effect of the combination of RHA and CFA.
When RHA is combined with NS enhanced compressive strength was observed as
compared to the rest of the samples. Variation in strength values were observed due to
inclusion of MK, SF, and CFA. A recent study shows that inclusion of MK and NS to
OPC significantly affects the microstructure by altering the mean chain lengths obtained
via 29Si NMR [148]. Furthermore, inclusion of additives varying in particle size and
surface area significantly influences the pozzolanic reaction by affecting the water
dynamics and altering the specific surface area during the course of hydration [149, 150].
This shows that not all SCMs are suitable combinations to be used with RHA. In terms of
phase analysis, XRD and XPS analysis show that inclusion of agricultural RHA results in
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complex zeolitic phases such as gismondine, which is commonly considered as a
crystalline form of C-A-S-H gels. EDS analysis performed via a ternary phase diagram
indicated an increase in alumina and silica content due to the inclusion of RHA, CFA and
NS confirming the complex C-A-S-H gel phase intermingled with C-S-H gels. A
summary of findings highlighting the results from mechanical properties, pore, and
microstructure characterization is shown in Table 4-4.
This work clearly shows the benefits of using agricultural RHA as an effective
concrete additive for developing medium/high strength concretes. Here, we demonstrate
the complexity of phases formed when SCMs are included as replacements to OPC, thus
enforcing the need for usage of advanced multi-scale surface and bulk characterization
techniques for engineering agro-based concretes. Moreover, this research shows the
benefits of synergistically merging the coal ash with agro-waste by partially replacing
OPC with RHA and CFA for developing sustainable and durable cement. By partly
substituting OPC with natural and processed additives (SCMs) we indirectly show
benefits in terms of reducing usage of OPC, consequently lowering cement’s carbon footprint and green-house gas emissions. Furthermore, a separate study is required to
examine the effect of embodied carbon foot print and green-house gas emissions when
Portland cement is partially replaced with RHA.
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Table 4-4 Summary of the findings concerning the effectiveness of SCMs, especially
RHA with OPC, after 28 days of curing.
Characterization technique

Summary of the results

Mechanical properties
Compressive strength analysis

5% replacement of OPC with RHA showed a 12% increment
in compressive strength.
RHA in combination with CFA and NS showed up to 20.6%
increase in compressive strength.
Inclusion of SF and MK with OPC+RHA+CFA led to a
decrease in compressive strength.

Pore structure characterization
N2 sorptiometery

Compared to OPC, all the other specimen showed an
increase in the BET surface area.
Sample 6 (OPC+RHA+CFA+MK) showed the highest BET
surface area of 9.80 m2/g.
In contrast to the compressive strength results, OPC had the
least intruded pore volume while Sample 4
(OPC+RHA+CFA+NS) showed the highest nitrogen
intrusion.

Microstructural
characterization
XRD

C-S-H and C-A-S-H related phases were observed among all
the samples. Inclusion of RHA promoted the formation of
gismondine, a complex zeolitic phase, considered to be a
crystalline form of C-A-S-H gels.

Backscattered Electron
Spectroscopy (BSE), Energy
Dispersive Spectrum (EDS)

Increase in alumina and silica content due to the inclusion of
RHA, CFA, and NS leads to higher C-A-S-H gel for sample
4, which may have contributed to higher strength.

X-ray Photoelectron
Spectroscopy

A decrease in Si 2p binding energy was observed due to
increasing Ca content, indicating additional C-S-H
formation.

Future studies are required to understand the early age behavior in terms of water
dynamics and morphological evolution developed during the course of hydration with
and without additives. Next generation instrumental techniques including X-Ray/Neutron
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Pair Distribution Function (PDF) analysis, synchrotron X-ray Diffraction and Small
Angle X-ray/Neutron studies using a synchrotron and spallation source are required to
provide critical insight into the multi-scale hydration mechanism [151]. Moreover,
Quasielastic Neutron Scattering and Inelastic Neutron Scattering will aid in
understanding the conversion of free to bound water when RHA is used as an additive to
Portland cement based systems.
4.4

Conclusion

Sustainable, environmentally-friendly materials are needed to partially replace
Portland cements due to high carbon emissions when manufacturing Portland cement.
Here, we use RHA along with other novel sustainable additives to engineer the strength
aspect of Portland cement-based systems. RHA was found to increase the compressive
strength of cement. In combination with CFA and NS, even greater gains were realized.
The underlying microscopic reasons for this enhancement were the high reactive
amorphous silica content of RHA, the increased surface area from the additives,
additional Al from CFA forming a C-A-S-H gel phase plombièrite, from the inclusion of
NS initiating ultra-fine pores that gave a dense structure, and decreased CaO due to the
pozzolans. Thus, combining CFA with RHA had a synergistic effect in producing
sustainable and environmentally-friendly cements.

HYDROTHERMAL CARBONIZATION OF
COFFEE SILVERSKINS

5.1

Introduction

Converting the byproducts from food processing into useful bioproducts is
essential if we are to protect our environment from ever-larger landfills. Using these
wastes as fuel or feedstock eliminates the labor and energy costs of having separately
grown feedstock shipped to a processing plant. One byproduct from food processing, or
secondary agricultural residue, is coffee silverskin, also known as coffee silverskins.
Approximately 8 million tons of coffee is consumed around the world annually [4]. In
2016, the agricultural area devoted to green coffee cultivation was nearly 11 million ha,
which yielded over 9 million tons of green coffee [5]. After removal of the outer skin,
pulp, pectic layer, and parchment layer, the green coffee beans with the attached
silverskins are shipped to facilities worldwide for roasting. In 2018 the European Union
(EU-28) imported 3.42 million tons of green coffee, producing over 2.8 million tons of
roasted coffee [6]. Roasting detaches the silverskins, which constitute 4.2% by weight of
coffee beans [5]. Thus, coffee silverskins are a widely available biomass that can be
found in centralized facilities so that they do not require transportation and could be used
on site.
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Typically, coffee silverskins are discarded in landfills or compost piles, but high
amounts of energy are needed to compact the low density silverskins before they are
discarded and harmful emissions from the discarded silverskins add to greenhouse gas
production [7]. A number of uses for coffee silverskins have been proposed. IriondoDeHond et al. (2016) have reported that coffee silverskin extract has potential anti-aging
properties when used on skin [152]. Nima et al. (2016) proposed the use of silverskins as
reinforcing fillers in polymer composites [153]. Malara et al. (2018) reported that coffee
silverskins can be used as an inexpensive, efficient, and sustainable adsorbent material to
remove potentially toxic metals (Zn2+, Cu2+, and Ni2+ ions) from wastewater [7]. María et
al. (2018) reported that silverskins have potential to be used as a feedstock for
biorefineries that employ hydrothermal carbonization prior to acetone-butanol-ethanol
fermentation because of their antioxidant, dietary fiber, and cellulose, and fermentable
sugars content [5].
Hydrothermal carbonization (HTC) is an eco-friendly form of biomass
pretreatment, employing only water and biomass to form a liquid stream abundant in
valuable chemicals and a lignin-rich solid fuel [25, 26]. Other secondary agricultural
residues have been processed using HTC for valorization, such as olive pomace, tobacco
stem, Argan nut shells, and coconut shells [27-30]. This relatively low temperature
process has been extensively studied for a number of biomass, but no reports on HTC
pretreatment of coffee silverskins are available in the literature [31, 32].
The present study investigated the use of HTC to pretreat silverskins,
characterizing the raw biomass and pretreatment products with fiber analysis,
calorimetry, Fourier transform infrared spectroscopy, and high performance liquid
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chromatography (HPLC). Valorizing this waste biomass has prospective benefits not
only commercially, but also for the environment.
5.2
5.2.1

Experimental Section

Materials

Coffee silverskins were kindly provided by Orleans Coffee (Kenner, Louisiana).
The coffee silverskins were oven dried for 24 h at 105 ˚C and stored in sealed plastic
bags at room temperature until used. The dried coffee silverskins were then used as is in
the HTC process. From fiber analysis performed using the standard NREL protocols
[106], the raw coffee silverskins were found to have cellulose, hemicelluloses, lignin,
ash, and extractives of 29%, 25%, 26%, 7%, and 12%, respectively.
5.2.2

Methods

Figure 5-1 shows a general schematic of the HTC process and analyses. The
recovered biomass residue after HTC (HTC hydrochar) was characterized with respect to
its chemical composition, FTIR, and energy yield. The liquid fraction was analyzed using
HPLC.

Figure 5-1: Hydrothermal carbonization process and products.
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5.2.2.1

HTC Process
HTC of coffee silverskins was performed in a Parr Series 4848 bench-top reactor

of volume 2000 ml (Moline, IL) at four different temperatures 180, 200, 230, and 260 °C.
The reactor temperature was controlled using a PID controller associated with the reactor
setup. For each run, 20 g of coffee silverskins and 200 g of deionized water (1:10,
biomass to water ratio) was loaded into the reactor. The reactor was heated to the desired
temperature and maintained for 5 minutes at that temperature. The heating time for the
reactor from room temperature to 180 °C and 260 °C was about 25 minutes and 40
minutes, respectively. The pressure of the reactor was not controlled but was measured 5
minutes after the reactor reached the desired temperature. Then the reactor was rapidly
cooled by immersion in cold water until it reached room temperature.
After cooling the reactor to room temperature, the gas product was released
without further evaluation. The condensed liquid product and the solid residue (HTC
hydrochar) were separated by vacuum filtration using a Whatman filter paper (Grade 2, 8
μm). The pH of the liquid product was measured using a digital pH meter. The liquid
product then was frozen in a sealed plastic bag until further analysis. The solid product
was dried at 105 °C for 24 h and stored at room temperature in sealed plastic bags.
5.2.2.2

Heats of Combustion
Heats of combustion (HHV) for both raw coffee silverskins and hydrothermally

carbonized solid products were measured in a Parr (1341EB Bomb Calorimeter) adiabatic
oxygen bomb calorimeter fitted with continuous temperature recording. All samples were
dried at 105 °C for 24 h prior to analysis, and HHVs are reported on a dry, ash-free basis.

87
5.2.2.3

Fiber Analysis of HTC Hydrochar
Cellulose, hemicelluloses, and lignin content of the raw biomass and the HTC

hydrochar samples were determined by quantitative saccharification upon acid hydrolysis
and subsequent HPLC analysis, using the NREL protocols LAP/TP-510-426 18 through
22[106]. For raw biomass, ethanol extraction was carried out to remove the non-structural
components of biomass prior to acid hydrolysis, and thus the biomass fraction described
as extractives was removed from the raw biomass. For HTC hydrochar samples, it was
assumed that the extractives component was removed during the HTC process so that
these samples directly progressed to acid hydrolysis for compositional analysis. The
concentrations of glucose, xylose, arabinose, galactose, and mannose were quantified
using an HPLC (TheroFisher Scientific, Waltham, MA, USA) equipped with a refractive
index detector and an Aminex HPX-87P column 300x7.8 mm, from Bio-Rad. The
column temperature was maintained at 80 ˚C and the flow rate was 0.6 ml min-1 (DI
water). Each experiment was performed in triplicate. Total cellulose release upon acid
hydrolysis was determined as the sum of cellobiose and glucose; and the total
hemicellulose release was determined as the sum of xylose, galactose, arabinose and
mannose. The sum of acid-insoluble and acid-soluble lignin was represented as total
lignin content available in each sample.
5.2.2.4

Fourier Transform Infrared – Attenuated Total Reflectance (FTIR-ATR)
Spectroscopy
A Nicolet IR 100 FTIR with an ATR attachment (Thermo Scientific, Waltham,

MA, USA) with a diamond crystal was used to perform 32 scans per sample from 400 to
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4000 cm-1. FTIR analysis was performed on both raw biomass and HTC hydrochar
samples.
5.2.2.5

HTC Liquid Product-HPLC Analysis
The HTC liquid product was analyzed for the identification of sugars (glucose,

xylose, galactose, arabinose, and mannose) using the above-mentioned HPLC method.
All the HTC liquid samples were neutralized to pH 6-7 by using calcium carbonate and
filtered through a 0.2 μm syringe filter before injection into the HPLC column.
5.3
5.3.1

Results and Discussion

Mass Yield and Energy Value of HTC Hydrochar

The temperature dependent variables for HTC including mass yield, energy
densification, and energy yield are shown in Figure 5-2 (a-c). The mass yield is defined
as the mass ratio of dried hydrochar to dried raw coffee silverskins. The energy yield is
defined as the mass yield times energy densification. Energy densification is defined as
the ratio of the higher heating value (HHV) of the dried hydrochar to that of the raw
coffee silverskins and both are reported on an ash-free basis. Energy yield describes how
the total fuel value of hydrochar is related to the total fuel value of raw coffee silverskins
[154]. Hydrochar mass yields decreased substantially when increasing reaction
temperature from 180 to 260 °C (Figure 5-2a). The decreased mass yield would be
expected since the rate of mass loss follows an Arrhenius equation. HHV increased with
increasing reaction temperature, resulting in increasing energy densification with
increased reaction temperature. Energy densification for the 180 °C run was near 1.3,
while the 260 °C runs had an energy densification near 1.62 (Figure 5-2b). Thus, the
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Figure 5-2: Properties of biomass HTC pretreated at various temperatures: a) Mass yield,
b) Energy densification, c) Energy yield. Standard error bars are shown.
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hydrochar produced at 260 °C had a 60% higher fuel value compared to raw coffee
silverskins. Lynam et al. (2014) investigated the HTC on five different types of biomass,
including rice hulls, corn stover, Tahoe mix, switchgrass, and loblolly pine [26]. They
reported HHVs 11 to 45 % higher at 260 °C compared to the respective raw biomass.
Figure 5-2c shows that energy yield decreased with increasing reaction temperature; it
decreased from near 82% for 180 °C to close to 60% for 260 °C. Lynam et al. (2015)
reported that only reaction temperature significantly affects the mass yield and energy
densification while other process variables such as holding time, biomass feedstock size,
and water to biomass ratio have a statistically insignificant effect [26]. In this study, only
reaction temperature was varied while all the other process variables kept constant.
5.3.2

HTC Liquid Yield and pH, and Reaction Pressure

Figure 5-3a shows the liquid yield from the HTC process. Liquid yields were
between 97 and 100% of the original water added. Evaporation of water after the reactor
was unsealed may account for some water loss. Cellulose and hemicelluloses conversion
to sugars and acids would increase liquid yield, as these are dissolved in the liquid
product [155, 156]. Fig. 3b shows the pH of the liquid product from the studied
temperatures. The pH tended to increase slightly with lower liquid yields, possibly
suggesting an alkaline substance was concentrated in the coffee silverskins process
liquid. Nevertheless, little difference can be seen in pH measurements with HTC
temperature. Typically, HTC liquid products show lower pH because hemicelluloses are
acetylated, and hemicellulose dissolution and deconstruction results in the formation of
acetic acid [157]. The lack of difference in pH with change in processing temperature
suggests that nearly all acetylated groups were stripped from the silverskins’
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Figure 5-3: Effect of HTC reaction temperature on (a) HTC liquid product yield (b) pH
of HTC liquid product (c) Reaction pressure. Standard error bars are shown.
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hemicelluloses, even at the lowest HTC temperature attempted, releasing the acetylated
groups as acetic acid. Pressures at the different HTC temperatures are shown in Figure 53C. As expected in the batch reactor, sealed to maintain the liquid water required for
HTC, the pressure is higher at higher temperatures. Little difference in pressure is seen
for runs at the same temperature, showing the reactor’s reproducibility.
5.3.2.1

Fiber Analysis
All the hydrochar samples were characterized in terms of structural compositions.

Figure 5-4 illustrates the effect of HTC temperatures on hydrochar compositions
compared to raw coffee silverskins. It can be seen from Figure 5-4 that all the hydrochar
samples are more lignin concentrated compared to raw coffee silverskins. These results
indicate that hemicellulose reacts easily in the HTC process. Reza at al. (2013) reported
that hemicellulose hydrolysis to be 4.5 times that of cellulose at 260 °C [158]. With
increasing reaction temperature more hemicellulose being extracted, and likely
hydrolyzed to monosaccharides such as arabinose, mannose, galactose, and xylose.
Hemicellulose is bounded to cellulose by lignin, preventing and shielding it from
decomposing [159]. When more hemicellulose is being removed with increased reaction
temperature, the cellulose is then more accessible for hydrolysis, solubilization, and
polymerization [160]. As a large portion of hemicellulose and a small portion of cellulose
are solubilized to monomeric forms, a higher proportion of lignin remained in the
biochar. At a 260 °C reaction temperature coffee silverskins lignin percentage increases
to about 3 times that of the raw coffee silverskins. Reza et al., 2013 reported similar
results for loblolly pine biochar at 260 °C [161]. A small portion of hemicellulose still
remained in biochar even at 260 °C. In contrast, Reza et al., 2013 studied four different
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biomass corn stover, rice hulls, miscanthus, and switch grass and found no evidence of
hemicellulose remaining in any of the HTC biochar product in the temperature range of
200-260 °C [161]. Cellulose require more severe condition (higher HTC temperatures) to
break its β-(1-4) glycosidic bonds. The HTC biochar produced in the temperature range
of 180 – 230 °C shows an increase in cellulose percentage relative to raw biomass, which
is probably due to elimination of hemicellulose and extractives [161]. During
hydrothermal carbonization, at reaction temperatures up to 230 °C, very little or no
change in cellulose occurs [162]. HTC biochar shows a decrease in cellulose content at
260 °C. All the HTC treated samples have more or less similar ash content compared to
the raw coffee silverskins indicating that ash tends to be inert in the HTC process [26].
The energy densification was previously shown to increase with increased HTC
temperature as shown in Figure 5-2b. Lignin has a higher HHV value due to its 3-D
structure, compared to cellulose and hemicelluloses [163]. Since the hydrochar was more
lignin concentrated with increased reaction temperature an increased HHV resulted. At
260 °C, hydrochar had the lowest cellulose and hemicelluloses and highest lignin
concentration, compared to other samples, giving the highest energy densification (Figure
5-2b).
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Figure 5-4: Composition from NREL fiber analysis of coffee silverskins and HTC
hydrochar. Standard error bars are shown.
5.3.2.2

FTIR Analysis
Spectra of raw coffee silverskins and HTC samples were analyzed as shown in

Figure 5-5. Notable differences in the spectra include a larger vibration for the HTC
samples near 1510 cm-1, associated with lignin aromatic ring vibrations [117, 164]. The
broad vibration found in many biomass from 950 cm-1 to 1080 cm-1 is considered to be
contributed to by lignin, cellulose, and hemicelluloses. With presumed removal of
cellulose and hemicelluloses by HTC, this broad vibration resolves into two vibrations,
becoming more distinct at higher HTC pretreatment temperatures. A differentiated
vibration near 1030 cm-1 can be attributed to lignin, particularly at the higher HTC
pretreatment temperatures [117, 165]. At 780 cm-1, a vibration associated with a C-H out
of plane deformation of lignin appears more strongly in the HTC samples [166]. All of
these differences in the spectra support an increased lignin content for the HTC samples
compared to the raw biomass, as shown by fiber analysis. A smaller vibration for the 260

95
°C HTC sample at 896 cm-1 (attributed to amorphous cellulose) suggests that this more
disordered cellulose has been dissolved and then potentially converted to a different
species [157] [167]. HTC temperatures above 240 °C have been reported to remove
cellulose from biomass [168]. This finding supports the higher ratio of lignin to cellulose
found by fiber analysis for 260 °C HTC pretreatment.
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Figure 5-5: FTIR of raw and pretreated coffee silverskins. HTC temperature increases
downward, with the untreated silverskins spectrum at the bottom.
5.3.2.3

HTC Liquid Product-HPLC Analysis
A preliminary analysis of the HTC liquid products using HPLC was carried out

and it is shown in Figure 5-6. Biomass components cellulose and hemicelluloses, are
hydrolyzed to a large number of monomers, as well as oligomers like HMF from
cellulose and furfural from hemicelluloses. During HTC treatment, these oligomers can
further hydrolyze into simple mono- or disaccharides (e.g., glucose, xylose, and fructose)
[160].
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From the HPLC analysis, the presence of various sugars (glucose, xylose,
galactose, mannose, and arabinose) are identified and their concentrations are reported in
Table 5-1. The sugar concentrations decreased with increasing reaction temperature,
except for xylose, however the xylose peak was slightly shifted to a longer retention time.
At higher temperature these monomeric sugars can isomerize, particularly in the presence
of acids produced in the reaction scheme (such as acetic acid, levulinic acid, and formic
acid), [169, 170] to fructose, which dehydrates to 5-hydroxymethylfurfural (5-HMF)
[171]. 5-HMF further hydrolyzes into more acetic acid, levulinic acid, and formic acid
[172]. Thus, if monomeric sugars are desired, a lower HTC temperature should be
employed.
Table 5-1 Sugars concentrations in HTC liquid product
Sugars↓\ Temperature→
Glucose (ppm)
Xylose (ppm)
Galactose (ppm)
Arabinose (ppm)
± standard error

180 °C
613 ± 118
178 ± 1
516 ± 56
690 ± 17

200 °C
209 ± 87
211 ± 50
643 ± 45
588 ± 123

230 °C
38 ± 67
188 ± 111
117 ± 86
125 ± 72

260 °C
0
280 ± 70
107 ± 90
101 ± 58

Arabinose
Mannose

Xylose
Glactose

Glucose

Cellobiose
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Figure 5-6: HPLC chromatogram of HTC liquid products.
5.4

Conclusions

Coffee silverskins, a residue from the roasting of coffee beans, can be converted
using HTC into two products: 1) a higher fuel value solid product and 2) a liquid rich in
monomeric sugars. Increased fuel value in the solid likely results from increasing lignin
concentration, as shown by fiber analysis, since cellulose/hemicelluloses have lower fuel
values. If higher HTC processing temperatures are used, more cellulose/hemicelluloses
are removed from the biomass and higher energy densities are achieved, but less glucose,
galactose, and arabinose are found in the liquid HTC product. If a low HTC processing
temperature is used, less cellulose/hemicelluloses are removed from the biomass and a
lower energy density is achieved, but higher concentrations of sugar monomers in the
liquid HTC product are achieved. HTC processing temperature could thus be chosen to
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optimize either the solid or the liquid product. Further research with this biomass could
include a two stage process, with initial liquid from HTC at 180 °C removed and the
sugars separated out prior to recycling of the process water for HTC at 260 °C to enhance
the solid product.

CONCLUSIONS AND RECOMMENDATIONS
Findings from each study are presented at the end of the corresponding chapter.
The overall conclusions and recommendations for future work are summarized in this
chapter.
6.1
6.1.1
•

Biomass Pretreatment

Conclusions

Enzymatic hydrolysis data indicated that DES pretreatment can enhance glucose
yield significantly after enzymatic saccharification when FA:CC, LA:CC, or
AA:CC are employed.

•

FTIR analyses of DES-pretreated biomass samples suggest that enhanced glucose
yield is due to removal of lignin during pretreatment, so that the pretreated
biomass is rich in cellulosic content. In addition, FTIR analysis also supported the
claim that the precipitate was lignin-rich.

•

Fiber analysis confirmed that the pretreated biomass is higher in cellulosic content
than raw biomass.

•

FA:CC, the DES with the highest pKa, was found to be the most effective in
pretreatment.

•

Using microwaves for heating in DES pretreatment gave similar results to
conductive heating and required less time and energy.
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•

DES pretreatment has the potential to serve as an alternative to existing
technologies for biomass pretreatment.

6.1.2

Suggestions for Future Work

Future studies should be conducted to design and perform a reaction kinetic study
varying time and temperature to determine reaction rates using the batch reactor
method. This would allow determination of the currently unknown activation energy
for the separation and enable modeling the process with the kinetic constants found.
Also, the conditions for the process giving the highest separation of components and
yield could be optimized. In addition, repeating optimized experiments with recycled
DES would determine the feasibility of DES reuse. Finally, studying the effects of
unrinsed biomass samples on enzymatic hydrolysis, varying the amount of rinsing,
and analyzing pretreated biomass could optimize the rinsing required to achieve 90%
of the glucose yield compared to the thorough rinsing the original study used.
6.2
6.2.1
•

Partial Replacement of OPC with RHA

Conclusions

Improved compressive strength can be obtained when rice husk ash (RHA)
partially replaces ordinary Portland cement, a substance potentially hazardous and
energy-intensive to make.

•

In combination with CFA and NS, even greater gains in compressive strength
were realized.

•

The underlying microscopic reasons for this enhancement were the high reactive
amorphous silica content of RHA, the increased surface area from the additives,
additional Al from CFA forming a C−A−S−H gel phase, the inclusion of NS
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initiating ultrafine pores that gave a dense structure, and decreased CaO due to the
pozzolans. Thus, combining CFA with RHA had a synergistic effect in producing
sustainable and environmentally friendly cements.
6.2.2

Suggestions for Future Work

Future studies are required to understand the early age behavior in terms of water
dynamics and morphological evolution developed during the course of hydration with
and without additives. Next generation instrumental techniques including XRay/Neutron Pair Distribution Function (PDF) analysis, synchrotron X-ray
Diffraction, and Small Angle X-ray/Neutron studies using a synchrotron and
spallation source are required to provide critical insight into the multi-scale hydration
mechanism. Moreover, Quasielastic Neutron Scattering and Inelastic Neutron
Scattering would aid in understanding the conversion of free to bound water when
RHA is used as an additive to Portland cement based systems.
6.3
6.3.1
•

HTC of Coffee Silverskins

Conclusions

HTC can convert coffee silverskins into a higher fuel value solid product and a
liquid rich in monomeric sugars.

•

Processing temperature affects the solid bioproduct’s energy densification and the
liquid bioproduct’s sugar content. If higher HTC processing temperatures are
used, more cellulose/hemicelluloses are removed from the biomass and higher
energy densities are achieved, but less glucose, galactose, and arabinose are found
in the liquid HTC product. If a low HTC processing temperature is used, less
cellulose/hemicelluloses are removed from the biomass and a lower energy
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density is achieved, but higher concentrations of sugar monomers in the liquid
HTC product are attained.
•

Increased fuel value in the solid likely results from increasing lignin
concentration, as shown by fiber analysis, since cellulose/hemicelluloses have
lower fuel values.

6.3.2

Suggestions for Future Work

HTC research with coffee silverskins could include a two-stage process, with initial
liquid from HTC at 180 °C removed and the sugars separated out prior to the
recycling of the process water for HTC at 260 °C to enhance the solid product.
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